NASA Contractor Report 182230 


Thermal Barrier Coating Life 
Prediction Model Development 


Phase I - Final Report 


J.T. DeMasi, K.D. Sheffler and M. Ortiz 
UNITED TECHNOLOGIES CORPORATION 
Pratt & Whitney 
Commercial Engine Business 


December 1989 


Prepared for 

National Aeronautics and Space Administration 

NASA Lewis Research Center 
21000 Brookpark Road 
Cleveland, Ohio 44135 


Under Contract NAS3-23944 


IWNSA 

National Aeronautics and 
Space Administration 




:d t' ^ 

■■y'- 

-- r> 
g 1 
r ) 

rt o 

-c C \ 

O ^ 

n o 0^ 

(-f -H ro 

I 

a ^ 

■Q 

aL 

w 

X 

r n-- 


Lh C 


% 


< r- 

n 

r c 




n 
-g 3 

O X j> 

>> -H 

t/r t-* 

r- 

c 

^^J f-* 
h"* 


o 


o c 

fNJ D 

— 


0 

1 


Q> lA 






FOREWORD 


performed SuPJd'g Ph\"s\"ro^\"he’’NAsf 

mller. The program was conducted in the Pratt a uhitnow m ^ 
Engineering and Research Laboratory under thfdte^t ion " 

Thomas Saip^ c^ investigator was Jeanine DeMasi Mr 

served a^th. an7w-' ^""^^ticai Manager and Mr. MiUon O^tiz 
analvtirai investigator and was responsible for 

vnnn^ modeling efforts. A note of thanks to Mr Fre^rirk 
Kopper and Leon Matysuk for the analytical efforts madreaHv\-n 

ceramic°tnti‘ ^ ^^^^^^ntial portion of the modeling efforts and 
ceramic testing were conducted under subcontrart at thl c<Z +u ° a. 

Mr. Neal P. Andersson. Mr. Merritt Wight, and Mr. RussMl ^ 

Cla^^^?e!•Mr^’"DonL'^^^^'d^ M^^JedeHc^k^wlese L 
ArnoJd^UPete f„. thefr effons’in^spLlS'JJeSl^l^-jraL^- 


i/ii 



TABLE OF CONTENTS 


Section Pa^ 


1.0 SUMMARY 1 

2.0 INTRODUCTION 3 

3.0 PHASE I - FAILURE MODES ANALYSES AND MODEL DEVELOPMENT 5 

3.1 Task I - Failure Mechanism Determination 6 

3.1.1 Task lA Experimental Design 6 

3.1.2 Task IB.l Conduct Critical Experiments 13 

3. 1.2.1 Furnace Exposure Tests 13 

3. 1.2. 1.1 Furnace Test Results and Microstructural Evaluation 17 

3. 1.2. 2 Cyclic Thermal Exposure Tests 45 

3. 1.2. 2.1 Cyclic Thermal Exposure Test Results 48 

3. 1.2. 2. 2 Microstructural Evaluation for Cyclic Thermal 53 

Exposure Tests 

3. 1.2. 2. 3 Fractional Exposure Burner Rig Test Results 77 

3. 1.2. 3 Cyclic Hot Corrosion Tests 82 

3. 1.2. 3.1 High Corrodent Level Test Results 87 

3. 1.2. 3. 2 Low Corrodent Level Test Results 96 

3. 1.2. 3. 3 Fractional Exposure Hot Corrosion Test Results 97 

3.1.3 Task IB. 2 Determine Physical/Mechanical Properties 107 

3. 1.3.1 Physical Property Tests 108 

3. 1.3. 2 Preliminary Mechanical Testing 110 

3. 1.3. 3 Southwest Research Institute Mechanical Test Program 112 

3. 1.3. 3.1 Southwest Research Institute Test Results 117 

3. 1.3. 3. 1.1 Uniaxial Tension and Compression Test Results 117 

3. 1.3. 3. 1.2 Creep Behavior 124 

3. 1.3. 3. 1.3 Fatigue Behavior 126 

3. 1.3. 3. 1.4 Fracture Toughness 127 

3.1.4 Task IC - Predominant Mode Determinations 128 

3. 1.4.1 Task IC.l Develop Preliminary Life Prediction System 128 

3. 1.4. 2 Task IC.2 Verification Tests 132 

3.2 Task II - Major Mode Life Prediction Model 140 

3.2.1 Task IIA - Experimental Design 140 

3.2.2 Task IIB - Experiments/Analysis and Model Development 144 

3.2.2. 1 Cyclic Thermal Exposure Test Results and 145 

Microstructural Analysis 

3. 2. 2. 2 Advanced Life Prediction Model Development 167 

3.3 Task III - Model Verification 181 

3.3.1 Task IIIA Experimental Design 181 

3.3.2 Task IIIB Verification Test/Analysis/Recommendations 182 

3.3.2. 1 Task IIIB Microstructural Evaluation 184 


i i i 



TABLE OF CONTENTS (Continued) 


Section 


Page 


4.0 CONCLUSIONS 


REFERENCES 


193 


APPENDICES 


A 

B 

C 

D 

E 

F 

G 


SUMMARY OF WEIGHT GAIN DATA FOR FURNACE EXPOSED SPECIMENS 
CYCLIC BURNER RIG TEST DETAILS 

CORROSION BURNER RIG TEST DETAILS „„„^„-rTrc 

EXPERIMENTAL PROCEDURES USED TO MEASURE PHYSICAL PROPERTIES 
STRESS - STRAIN AND CREEP CURVES FOR ALL MECHANICAL 
PROPERTY TESTS CONDUCTED AT SOUTHWEST RESEARCH INSTITUTE 
USER'S AND PROGRAMMER'S GUIDE TO TBCLIF 
TBCLIF LISTING AND EXAMPLE PROBLEM 


196 

199 

201 

203 

204 

240 

258 


iv 



LIST OF ILLUSTRATIONS 


Figure Title 

1 Thermal Barrier Coating System Microstructure 

2 Typical Thermal Barrier Coating Engine Failure Mode 

3 Task I Test Plan to Evaluate Thermal Barrier Coating 
Failure Life 


Page 

5 

7 

14 


4 Burner Rig Coating Evaluation Specimen 15 

5 Task I Furnace Exposure Test Plan to Evaluate Thermal 16 

Barrier Coating Static Failure Life 

6 Test Data Showing Thermal Exposure Atmosphere Effects on 19 

Coating Durability 

7 Photomicrograph of Typical Furnace Tested Failed Coating 19 

8 X-Ray Diffraction Results of Furnace Exposed Test Specimens 21 

9 Light Photomicrograph of Post-Test Microstructure. Failed After 23 

Furnace Exposure in Air at 1149°C (2100°F) with 80 Hour 
Inspection Intervals (240 hrs/3 cycles) 

10 Light Photomicrograph of Post-Test Microstructure. Furnace 23 

Exposure in Argon of 1149°C (2100°F) with 80 Hour Inspection 
Intervals (1040 hrs/13 Cycles) 

11 Light Photomicrograph of Post-Test Microstructure. Failed After 24 

Furnace Exposure in Air at 1149°C (2100“F) with 10 Hour 
Inspection Intervals (160 hrs/16 cycles) 

12 Light Photomicrograph of Post-Test Microstructure. Failed 24 

After Furnace Exposure in Air at 1204°C (2200°F) with 10 Hour 
Inspection Intervals (60 hrs/6 cycles) 

13 Light Photomicrograph of Post-Test Microstructure After 25 

Furnace Exposure in Air (90 hrs/1149°C (2100°F)/1 cycle 60%) 


14 Light Photomicrograph of Post-Test Microstructure After 

Fractional Furnace Exposure in Air (135 hrs/1149°C (2100°F)/ 
1 cycle 90%) 


15 Light Photomicrograph of Post-Test Microstructure After 
150 Hr Fractional Exposure at 1149°C (2100°F) in Air 

16a Back Scatter Image of Post-Test Microstructure. Furnace 

Exposure in Argon at 1149°C (2100°F) for 1040 Hours (80 hour 
cycles - 13 cycles) 


V 



Page 


Figure 


LIST OF ILLUSTRATIONS (Continued) 
Title 


ifi (h-rl Back Scatter Images of Post-Test Microstructure. Furnace 
‘ Exposure fn Argon at^l49«C (2100-F) for 1040 Hours 
(80 hour cycles - 13 cycles) 

16 (d-h) Energy Dispersion Spectrographs for Elements 

Various Locations Corresponding to Figure 16b. Argon Exposed 
1149''C (2100°F) for 1040 Hours (80 hour cycles - 13 cycles) 

17 (a-i) Post-Test Microstructure. Furnace Exposure in Argon at 

1149°C (2100°F) for 1040 Hours (80 hour cycles - 13 cycles) 

18a Back Scatter Image of Post-Test Microstructure. Furnace 
Exposure in Air at 1149°C (2100°F) for 240 Hours 
(80 hour cycles - 3 cycles) 

18 (b-c) Back Scatter Image of Post-Test Microstructure. Furnace 

Exposure in Air at 1149°C (2100°F) for 240 Hours 
(80 hour cycles - 3 cycles) 

18 (d-q) Energy Dispersion Spectrographs for Elements Present at 
^ VarioufLocatiSns Corresponding to Figure 18b. Air Exposed 
1149°C (2100°F) for 240 Hours (80 hour cycles - 3 cycles; 

18 (h-k) Energy Dispersion Spectrographs for 

Various Locations Corresponding to Figure 18b. Air Exposed 
1149°C (2100°F) for 240 Hours (80 hour cycles - 3 cycles; 

19 (a-j) Back Scatter Image of Post-Test Micro structure. Furnace 

Exposure in Air at 1149°C (2100<>F) for 240 Hours 
(80 hour cycles - 3 cycles) 

20 Task I Clean Fuel Cyclic Burner Rig Test Program 

21 Typical Burner Rig Cycle Thermocouple Data 

22 Photomicrograph of Typical Burner Rig Failed Specimen 

23 Test Data Showing Coating Life Dependent on Temperature, 
“Cyclic Content" 

24 Test Data Showing Air Pre-Exposure Degrades Cyclic Life 

25 Test Data Showing "INERT" Pre-Exposure Does Not Effect 
Coating Performance 

26 Test Data Showing Ceramic Thickness Effects 

27a Light Photomicrograph of Baseline Pre-Test Microstructure 
(D1 Test) 


29 

30 

31 

36 

37 

38 

39 

40 

45 

46 

47 

50 

51 

52 

52 

54 



Figure 


LIST OF ILLUSTRATIONS (Continued) 
Title 


27b Light Photomicrograph of Baseline Post-Test Microstructure 
(D1 Test) After 175 hrs at 1149°C (2 1 00“ F) /Short Cycle/Fast 
Heat-Up 

28a Light Photomicrograph of Baseline Pre-Test Microstructure 
(D2 Test) 

28b Light Photomicrograph of Baseline Post-Test Microstructure 
(D2 Test) After 435 hrs at 1094°C (2000“F)/Short Cycle/Fast 
Heat-Up Rate 

29a Light Photomicrograph of Baseline Pre-Test Condition 
(E Test) 

29b Light Photomicrograph of Baseline Post-Test Mi crostruture 
(E Test) After 142 hrs at 1149“C (2100°F)/Short 
Cycle Slow Heat-Up Rate 

30a Light Photomicrograph of Baseline Pre-Test Microstructure 
(F Test) 

30b Light Photomicrograph of Baseline Post-Test Mi crostruture 
(F Test) After 70 hrs at 1149°C (2100°F)/Long Cycle 
Fast Heat-Up Rate 

31a Light Photomicrograph of Pre-Burner Rig Microstructure 

(D1 Test) for Air Pre-Exposed Specimen 1149“C (2100°F)/40hrs) 

31b Light Photomicrograph of Post-Burner Rig Microstructure 

(D1 Test) for Air Pre-Exposed Specimen 1149°C (2100“F)/40 hrs) 
After 50 hrs at 2100“F/Short Cycle/Fast Heat-Up Rate 

32a Light Photomicrograph of Pre-Burner Rig Microstructure 56 

(D2 Test) for Air Pre-Exposed Specimen 1149°C (2000“F)/100hrs) 

32b Light Photomicrograph of Post-Burner Rig Microstructure 
(02 Test) for Air Pre-Exposed Specimen (1149‘’C (2100“F)/ 

100 hrs) After 215 hrs at 1094°C (2000“F)/Short Cycle/Fast 
Heat-Up Rate 

33a Light Photomicrograph of Pre-Burner Rig Microstructure 

(E2 Test) for Air Pre-Exposed Specimen (1149“C (2100“F)/40 hrs) 

33b Light Photomicrograph of Post-Burner Rig Microstructure 

(E2 Test) for Air Pre-Exposed Specimen (1149°C (2100°F)/40 hrs) 
After 39 hrs at 1094“C (2000“F)/Short Cycle/Slow Heat-Up Rate 




LIST OF ILLUSTRATIONS (Continued) 


Figure 

Title 

Page 

34a 

Light Photomicrograph of Pre-Burner Rig Microstructure 

(FI Test) for Air Pre-Exposed Specimen (1149°C (2100°F)/40 hrs) 

61 

34b 

Light Photomicrograph of Post-Burner Rig Microstructure 

(FI Test) for Air Pre-Exposed Specimen (1149°C (2100°F)/40 hrs) 

After 16 hrs at 2100°F/Long Cycle/Fast Heat-Up Rate 

61 

35a 

Light Photomicrograph of Pre-Burner Rig Microstructure 
(D1 Test) for Argon Pre-Exposed Specimen (1149°C (2100°F)/ 
40 hrs) 

62 

35b 

Light Photomicrograph of Post-Burner Rig Microstructure 
(D1 Test) for Argon Pre-Exposed Specimens After 67 hrs 
at 1149°C ( 21 00°F) /Short Cycle/Fast Heat-Up Rate 

62 

36a 

Light Photomicrograph for Pre-Burner Rig Microstructure 
(02 Test) for Argon Pre-Exposed Specimen (1094°C (2000°F)/ 
100 hrs) 

63 

36b 

Light Photomicrograph of Post Burner Rig Microstructure 
(02 Test) for Argon Pre-Exposed Specimen (1094°C (2000°F)/ 
100 hrs) After 708 hrs at 1094°C (2000°F) /Short Cycle/Fast 
Heat-Up Rate 

63 

37a 

Light Photomicrograph for Pre-Burner Rig Microstructure 
(E Test) for Argon Pre-Exposed Specimen (1194“C (2100°F)/40 hrs) 

64 

37b 

Light Photomicrograph of Post Burner Rig Microstructure 
(E Test) for Argon Pre-Exposed Specimen (1194°C (2100°F)/40 hrs) 
After Short Cycle/Slow Heat-Up Rate 

64 

38a 

Light Photomicrograph for Pre-Burner Rig Microstructure 
(F Test) for Argon Pre-Exposed Specimen (1194°C (2100°F)/40 hrs) 

65 

38b 

Light Photomicrograph of Post Burner Rig Microstructure 
(F Test) for Argon Pre-Exposed Specimen (1194°C (2100°F)/40 hrs) 
After Long Cycle/Fast Heat-Up Rate 

65 

39a 

Light Photomicrograph of Pre-Test Microstructure (D1 
Test) for a Thin Ceramic Specimen 

67 

39b 

Light Photomicrograph of Post-Test Microstructure (D1 Test) 
for Thin Ceramic Specimen After 243 hrs at 1194°C (2100°F)/Short 
Cycle/Fast Heat-Up Rate 

67 

40a 

Light Photomicrograph of Pre-Test Microstructure (D2 
Test) for a Thin Ceramic Specimen 

68 


viii 




Figure 


LIST OF ILLUSTRATIONS (Continued) 
Title 


40b Light Photomicrograph of Post-Test Microstructure (D2 Tp«;H 
Short Cj,cle/S'Heat-Up"’Ra"tf"'' (2000-F)/ 

Burner Rig Test Microstructnre 

I49°c 2lOO°n Ahn^r ? hrs at 

ii'ty L (2I00 F)/Short Cycle/Slow Heat-Up Rate 

42a ^otonilcrograph of Pre-Test Microstroctnre 

lest) for a Thin Ceramic Specimen 

°t '’“=‘ S^Ener Rig Test Microstructure 
1I49-C l2100"F)/L"onr“le/FlstXfIuTRatl 

?:ra^:i‘ ^p“Ic"l:er’ H>-crostructure 

sho?rtest^5eij!sj :it‘r 
'ilTt] 

Il4y C (2100°F)/Short Cycle/Fast Heat-Up Rate 
a'?h1cR^?e‘r“:nplclMe”: Microstructure ,E Test) for 

45b “3h\Photor«icrograph of Post Burner Rig Test Microstructure 

-i49«c (2,oS=?,jsjsJti;?::^/s?srs-srRiti^' 

flfa* Microstructure ,F Test 

M'fy L UIOO F)/Long Cycle/Fast Heat-Up Rate 


Page 

68 

69 

69 

70 
70 


71 

71 

72 

72 

73 

73 

74 
74 


Figure 

47 

48 

49 


50 

51 

52 

53 

54a 

54b 

55a 

55b 

56 

57 

58 


list of illustrations (Continued) 

Title 

Thermal Barrier Coating Damage Progression 

Back Scatter Image of j45oc°t210^ Cycle/ 

90 Hours of Burner Rig Test Time 1149 L Uiuu r;/onu 

Fast Heat-Up Rate 

Back Scatter Image 2100°F)/Short 

105 Hours of Burner Rig Test Time at 

Cycle/Fast Heat-Up Rate 

Back Scatter Image oj J'^®’^'"j\5mraril49°M2^^^ 

105 Hours of Burner Rig Test Time at c v^iuu 

Cycle/Fast Heat-Up Rate 

Back scatter of Themal B^He^C»at1ng,Mter 

Hours of Burner Rig Test iime at 
Fast Heat-Up Rate 

Task I Hot Corrosion Test Program 

Cyclic Hot Corrosion Test Specimen Showing Multi-level 
Flaking of the Ceramic 

Pre-Test Hot Corrosion Test Specimen; 35 ppm Artificial 
Sea Salt/ 899°C (1650°F)/1 Hour Cycle 

Post-Test Hot corrosion Test Specten Showing Layer 

rteresfrrs'S? « pp:‘Ani?fcia7fea Sait/899-C (ISSO-F)/ 

1 Hour Cycle 

Pre-Test Hot Corrosion Test Specimen; 35 ppm Artificial 
Sea Salt/899°C (1650°F)/1 Hour Cycle 

c e;.:* 

af899°C/n650°Fr.°Hig^^ 

Near Failure. 

Cyclic Hot Corrosion Post-Test Specimen After 1000 hrs 
at 899°C/(1650°F)/Long Cycle/35 ppm Artificial 
Sea Salt/1.3% SO3 


Page 

79 

83 


84 


85 


86 

87 

88 

89 

89 


90 

90 

91 

92 


94 


X 



Figure 


LIST OF ILLUSTRATIONS (Continued) 
Title 


59 Light Photomicrograph of Test Specimen After 1000 hrs 
at 899°C/(1650°F)/ Long Cycle/10 ppm Synthetic 

Sea Salt/1.3% SO3 - Condition J 

60 Post Test Specimen Microstruture After 1000 hrs with 
Artificial Sea Salt lOppm and 899°C/( 1650°F) Host Test "J 

61 Post Test Specimen Microstruture After 1000 hrs with 
Artificial Sea Salt lOppm and 899°C/( 1650"F) Host Test "J 

62a Post-Test Fractional (10% Life) Hot Corrosion Specimen 
Microstructure, 65 hrs/899°C/( 1650°F)/35 ppm Na2S04 

62b Post-Test Fractional (20% Life) Hot Corrosion Specimen 
Microstructure, 130 hrs/899°C/( 1650°F)/35 ppm Na2S04 

62c Post-Test Fractional (30% Life) Hot Corrosion Specimen 
Microstructure, 185 hrs/899°C/( 1650°F)/35 ppm Na2S04 

62d Post-Test Fractional (40% Life) Hot Corrosion Specimen 
Microstructure, 250 hrs/899°C/h650°F)/35 ppm Na2S04 

62e Post-Test Fractional (50% Life) Hot Corrosion Specimen 
Microstructure, 315 hrs/899°C/( 1650°F)/35 ppm Na2S04 

62f Post-Test Fractional (60% Life) Hot Corrosion Specimen 
Microstructure, 380 hrs/899°C/( 1650°F)/35 ppm Na2S04 

62g Post-Test Fractional (70% Life) Hot Corrosion Specimen 
Microstructure, 445 hrs/899°C/( 1650°F)/35 ppm Na2S04 

62h Post-Test Fractional (80% Life) Hot Corrosion Specimen 
Microstructure, 510 hrs/899°C/( 1650°F)/35 ppm Na2S04 

62i Post-Test Fractional (90% Life) Hot Corrosion Specimen 
Microstructure, 575 hrs/899°C/( 1650°F)/35 ppm Na2S04 

63 Bulk Ceramic Microstructure Used for Physical/Mechanical 
Property Tests 

64 Bulk Four Point Bend Specimen Geometry 

65a Room Temperature Four Point Bend Test Results for Bulk 
Plasma Sprayed 7 w/o Y2O3 - Zr02 

65b Fracture Surface of Four Point Bend Test Specimen 

66 Mechanical Property Test Plan for Bulk Ceramic 



LIST OF ILLUSTRATIONS (Continued) 

Figure Title 

67 Compression Specimen 

68 Compression Test Apparatus 

69 Test Rig 

70 Tensile Specimen Geometry 

71 Tensile Test Apparatus 

72 Wafer Specimen 

73 Fatigue Stress Cycle 

74 Representative Strain Tolerant Ceramic Tensile Stress 
Strain Curves at Various Temperatures. Room temperature 
strain data measured by strain gauge; temperature curves 
obtained from corrected cross head displacement. 

75 In-plane Temperature Elevated Tensile Properties of 
Strain Tolerant Ceramic 

76 Representative Strain Tolerant Ceramic Compressive 
Stress-Strain Curves at Various Temperatures. Compressive 
strains calculated from corrected crosshead displacement. 

77 Typical Compressive Failure Mode 

78 In-plane Elevated Temperature Compressive Properties of 
Strain Tolerant Ceramic 

79 Stress Versus Creep Rate 

80 Creep Rate Versus Temperature 

81 S-N Curve for 7YSZ (538°C (1000°F) and 871°C (1600°F) 
data plotted together) 

82 Axi symmetric Finite Element Model Breakup of Substrate, 
Bond Coat, and Thermal Barrier Coating 

83 Ideally Inelastic Behavioral Model Used to Represent 
Ceramic Stress-Strain Behavior 

84 Conceptual Model of Thermally Driven Ceramic Stress-Strain 
Cycle Under Initial Elastic/Perfect Plastic Model 

85 Preliminary Life Model Correlation 


Page 

113 

114 

114 

115 

116 
116 
117 
121 


122 

123 


123 

124 

125 

126 
127 

129 

130 

131 

132 


xii 



LIST OF ILLUSTRATIONS (Continued) 


Figure 

Title 


Page 

86 

Single Rotating, Internally-Cooled Tube 

Test Specimen Geometry 

133 

87 

Predicted Cycles Versus Observed Cycles 
Verification Tests 

for the Task IC 

134 

88 

Damage Versus Number of Cycles Showing All Three 
Verification Tests 

135 


89 Critical Oxide Thickness Ratio Versus Number of Cycles 135 

for the Three Verification Tests 

90 (a) Post-Test Specimen After 105.87 Test Hours/524 Cycles, 137 

12 Minute Burner Rig Cycle, Cooled I.D. 


91 (a) Post-Test Specimen After 88.37 Test Hours/884 Cycles, 138 

6 Minute Burner Rig Cycle, Cooled I.D. 


92 (a) Post-Test Specimen After 138 Test Hours/686 Cycles, 139 

12 Minute Burner Rig Cycle, Uncooled I.D. 


93 Task II Predictions: Oxide Thickness Ratio at Failure 141 

Versus Strain Ratio 


94 2.5 cm (one-inch) Diameter Instrumented Specimen Design 142 

95 Transient External Metal Temperature of the TBC Coated Specimen 143 

96 Transient Metal Temperature Response During Initial 143 

Heat-Up 

97 Transient TBC Temperature Response During Initial Heat-Up 144 

98 Oxide Emphasis Test #1 Post-Test Specimen Microstructure 147 

99 Oxide Emphasis Test #2 Post-Test Specimen Microstructure 148 

100 Oxide Emphasis Test #3 Post-Test Specimen Microstructure 149 

101 Oxide Emphasis Test #4 Post-Test Specimen Microstructure 150 

102 Oxide Emphasis Test #5 Post-Test Specimen Microstructure 151 

103 Oxide Emphasis Test #6 Post-Test Specimen Microstructure 152 


X i i i 



LIST OF ILLUSTRATIONS (Continued) 


Figure liLLx 

104 Oxide Emphasis Test #7 Post-Test Specimen Microstructure 

105 Oxide Emphasis Test #8 Post-Test Specimen Microstructure 

106 Oxide Emphasis Test #9 Post-Test Specimen Microstructure 

107 Oxide Emphasis Test #10 Post-Test Specimen Microstructure 

108 Oxide Emphasis Test #11 Post-Test Specimen Microstructure 

109 Oxide Emphasis Test #12 Post-Test Specimen Microstructure 

110 Mixed Mode Oxide Emphasis Test #13 Post-Test Specimen 
Microstructure 

111 Mixed Mode Oxide Emphasis Test #14 Post-Test Specimen 
Microstructure 

112 Mixed Mode Oxide Emphasis Test #15 Post-Test Specimen 
Microstructure 

113 Mixed Mode Oxide Emphasis Test #16 Post-Test Specimen 
Microstructure 

114 Mixed Mode Oxide Emphasis Test #17 Post-Test Specimen 
Microstructure 


Page 

153 

154 

155 

156 

157 

158 

159 

160 
161 
162 
163 


115 Mixed Mode Oxide Emphasis Test #18 Post-Test Specimen 
Microstructure 

116 Small Radius Test #19 Post-Test Specimen Microstructure 165 

117 Small Radius Test #20 Post-Test Specimen Microstructure 166 

117A Drag Stress (k) in Thermal Barrier Coating Walker Model 168 

118 Comparison of Uniaxial Tensile Data (Room Temperature) 169 

and Modified Walker Model Predictions 

119 Comparison of Uniaxial Tensile Data 1094°C (2000°F) and Modified 170 
Walker Model Predictions 


120 Comparison of Uniaxial Tensile Data and Compressive Data 
538°C (1000°F) and Modified Walker Model Predictions 

121 Comparison of Uniaxial Tensile Data and Compressive Data 
1094°C (2000°F) and Modified Walker Model Predictions 


xiv 



Figure 


LIST OF ILLUSTRATIONS (Continued) 
Title 


122 ^0"JP3'^]son of Uniaxial Tensile - Creep Data 982°C (1800°F) 
and and Modified Walker Model Predictions 

123 Comparison of Uniaxial Tensile-Creep Data 982°C (1800°F) 

and Modified Walker Model Prediction ^ 

124 One-Dimensional Walker Model Prediction of Stress-Strain Cycle 

T«t^#f2^^ Stress-Strain Hysteresis Loop for Strain Emphasis 
tS^# 16^ Stress-Strain Hysteresis Loop for Mixed Mode 

128 Calculated vs Measured Oxidation Thickness for Burner 
Rig Specimens 

129 Oxide Thickness Ratio Used in Life Correlation 

129A Predicted Stress Strain Hysteresis Loop Using Walker Model 

130 Prediction Model Correlation Using Optimized Oxide 
Growth Rate Model: Calculated vs Experimental Cycle Life 

O^-Se'Thic^nlss’"’"'*”*" Measured 

132 Cyclic Life vs Inelastic Strain Range for Task II Tests 

133 Time at Maximum Cycle Temperature vs Maximum Cycle 
Temperature for Task II Tests 

Ilf '^^sults Predicted Using the 

Advanced Model Correlation ^ 

Empbas?l“^esu 

136 HT-46 Strain Emphasis Burner Rig Verification Test #1 


Page 

171 

172 

173 

174 

174 

175 

176 

177 

178 

179 

180 

180 

181 

183 

185 

186 


XV 


LIST OF ILLUSTRATIONS (Continued) 


137 HT-66 Oxide Emphasis Burner Rig Verification Test #2 

138 HT-49 Mixed Strain Emphasis Burner Rig Verification Test #3 

139 HT-54 Mixed Strain Emphasis Burner Rig Verification Test #4 

140 6-124-2 Strain Emphasis Quartz Lamp Heater Verification 
Test #5 


Page 

187 

188 

189 

190 


xvi 


Table 


I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XII 

XIII 

XIV 

XV 

XVI 

XVII 

XVIII 

XIX 

XX 

XXI 


LIST OF TABLES 


Title 

Nominal Composition of Program Materials 
Evaluation of Engine Exposed PWA 264 Coated Components 
Metallic and Ceramic Powder Analyses 
Low Pressure Plasma Spray Conditions 


Air Plasma Spray Conditions 

Inspection Interval for Task IB Furnace Tests 

Summary of Air and Argon Furnace Exposure Test Results 

Evaluation of Selected Furnace Exposure 
Specimens After Exposure ^ 

Comparative Summary of Task IB Burner Rig Test Results 
Burner Rig Test Results 

Test^Specimens^°'^ Analysis of Some Representative Post- 
Fractional Exposure Test (Condition G) Results 

Artificial Sea Salt Composition 

X-Ray Diffraction Analyses of Some Representative Cyclic 
Hot Corrosion Post-Test Specimens (High Corroden? LeSel) 

X-Ray Diffraction Analyses of Some Representative Post-Te< 
Specimens, Cyclic Hot Corrosion Test (Low Corrodent Level! 

Analyses of Fractional Exposure. Cyclic 
Hot Corrosion Test Specimens ''yt-nc 

Coating Property Tests 


Thermal Conductivity of 7w/o Y 203 -Zr 02 
Specific Heat of 7w/o Y 203 -Zr 02 
Thermal Expansion of 7w/o Y 203 -Zr 02 


Page 

6 

11 

15 

16 
16 

17 

18 
22 

48 

49 
75 

78 

88 

96 

96 

100 

106 

108 

108 

108 

109 


XV ii 



Table 


list of tables (Continued) 


Title 

XXII The Thermal Conductivity of NiCoCrAlY 

XXIII The Specific Heat of NiCoCrAlY 

XXIV Thermal Expansion of NiCoCrAlY 

XXV Uniaxial Compression Property Test Data 

XXVI Uniaxial Tension Property Test Data 

XXVII Compression-Creep Property Test Data 
XXVIII Tension-Creep Property Test Data 

XXIX Fatigue Property Test Data 

XXX Fracture Mechanics Property Test Data 

XXXI Verification Test Results 

XXXII Task II Planned Test Matrix 

XXXIII Task II Experimental Results and New Model Predictions 

XXXIV Planned Conditions for Task III Experiments Model 
Verification Tests 

XXXV Task III Model Verification - Experimental and Projected 
Results 


Page 

109 

109 

no 

118 

118 

119 

119 

120 
120 
134 
141 
146 
182 

183 


xviii 



1.0 SUMMARY 


The goals of this program were to identify and understand TBC failure modes, 
generate quantitative TBC life data, and develop and verify a TBC life 
prediction model . 

The coating studied in this program is a two layer thermal barrier system 
incorporating a nominal 0.25mm (0.010 in) outer layer of seven weight percent 
yttria partially stabilized zirconia plasma deposited over an inner layer of 
highly oxidation resistant low pressure plasma sprayed NiCoCrAlY bond coating. 
This coating, designated PWA264, currently is in flight service on a number of 
stationary turbine components in Pratt & Whitney Commercial engines. 

An initial review of experimental and flight service components indicated that 
the predominant mode of TBC failure involves thermomechanical spallation of 
the ceramic coating layer. This ceramic spallation involves the formation of a 
dominant crack in the ceramic coating parallel to and closely adjacent to the 
metal-ceramic interface. 

Results from a laboratory test program designed to study the influence of 
various driving forces" such as temperature, thermal cycle frequency, 
environment, coating thickness, etc. on ceramic coating spalling life suggest 
that bond coat oxidation damage at the metal-ceramic interface contributes 
significantly to thermomechanical cracking in the ceramic layer. Low cycle 
rate furnace testing in air and in argon clearly shows a dramatic increase in 
spalling life in a non-oxidizing environment. Elevated temperature 
pre-exposure of TBC specimens in air causes a proportionate reduction of 
cyclic thermal spalling life, whereas pre-exposure in argon does not. 

Interrupted cyclic thermal exposure (burner rig) testing shows that thermo- 
mechanical ceramic spallation is a progressive damage mode. Subcritical 
microcrack link-up is proposed as the mode of failure. Initial metal lographi c 
observations shows major subcritical cracking initiating above the metal- 
ceramic Interface and not at the bond-coat asperities which are inherent in 
the TBC system being studied. Since early experimental results showed that 
bond wat oxidation is a significant factor in the cyclic spalling life of the 
ceramic coating, it is assumed that this environmental driver magnifies the 
mechanical driving force due to thermal loading in the burner rig. 

Mechanical property tests show that the bulk as-plasma sprayed 
7w/o Y 203 -Zr 02 exhibits a highly non-linear stress-strain response in 
uniaxial tension and compression. Also, it was shown that this material 
exhibits a significant creep response. Low cycle fatigue characteristics 
observed over a narrow stress range indicate that stress levels above a 
critical stress threshold will result in rapid damage accumulation. 

The life prediction model focuses on the two major damage modes identified in 
the laboratory testing described above. The first of these modes involves a 
mechanical driving force, resulting from cyclic strains and stresses caused by 
thermally induced and externally Imposed loads. The second damage mode, based 
on the experimental results, is an environmental driving force which appears 
to be related to "oxidation damage" due to the in-service growth of a 
NiCoCrAlY oxid6 scdlG dt the metdl-cerdmic interface. 



Based on the apparently "mechanicaT' mode of ceramic fai lure (near 
interfacial cracking), and on the difficulty in finding metal lographi c 
evidence of a direct physical link between the growing oxide scale and 
incipient cracking in specimens exposed to a relatively small fraction of 
exoected life, it was elected to employ an existing phenomenological fatigue 
Ldel (Manson - Coffin) as the basis for the TBC life model. In traditional 
form this model relates cyclic inelastic strain range to number of cycles to 
fatiaue failure. The model incorporates the environmental effect by modifying 
the mechanical driver in such a way as to reduce the apparent fatigue strengt 
of the ceramic layer. The use of inelastic strain range as a damage driver for 
the ceramic coating layer is considered justified in view of the previously 
mentioned nonlinearity observed in constitutive tests conducted on strain 
tolerant ceramic material, including the observation of an open hysteresis 
loop in preliminary tests with reversed loading. 


The mathematical form of the model shown below expresses 
the number of cycles to spallation failure (Nf). 

and bond coat oxide accumulation. 


between 
strain range 


a relationship 
cyclic inelastic 


where 

Nr 

b 

AEf 


(AE,/ AE,)*’ = Nf 

= Total cyclic inelastic strain range 
= failure strain 
= Number of cycles to failure 
= Constant 

= AEf„ (1- 6/6c)‘= + AE, { 6/6 .,)“ 


where 6 is the critical oxide thickness which will cause ceramic failure in 
a single thermal cycle. The static failure strain AEf is the strain 
required to fail the ceramic in the absence of bond coat oxidation. 


strain and is 
8/6c . where 8 . 


1 s 


The failure strain. Ae,, is a function of the inelastic 
reduced by the strain due to the oxide thickness ratio, 
the critical oxide thickness which will cause ceramic failure in a single 
thermal cycle. The static failure strain. A e,„. is the strain required to 
fail the ceramic in the absence of bond coat oxidation. 

For a mission comprised of N cycles, the damage accumulated by cyclic 
inelLtic strain and oxide growth will equal 1/N. The Miner’s Rule assumption 
is used in that failure of the TBC occurs when il/N >1.0. 

Using this model, results of twenty calibration tests conducted over a wide 
range of oxidative and strain range intensities were correlated to establish 
values of the constants b. c. d. AEf,.. and 8c. With one exception, the 


optimized constants correlated all of these results within a factor- 
calculated vs observed life. Results o^^^ix additional 
conducted at conditions which were substantially different from the 
calibration tests also were predicted within a factor of +3 on life 
optimized equation. 


of +3 
tests 
twenty 
by the 


on 
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2.0 INTRODUCTION 


Ceramic coatings have been utilized in aircraft gas turbine engines for over 
twenty years, primarily as an add-on technique to increase the durability of 
already reliable coatings. More recently, thermal barrier coating has been 
used to protect selected high pressure turbine components as well as combustors 
and augmentors. For these early turbine applications, no specific design 
methodology was needed and coating lives (ceramic spalling resistance) were 
determined to be adequate based on experimental engine testing. Future 
applications for thermal barrier coatings, which emphasize performance 
improvement (as opposed to durability extension), will require more 
sophisticated design tools and lifetime prediction methods. 

The objective of this program is to establish a methodology to predict thermal 
barrier coating life in an environment simulative of that experienced by gas 
turbine airfoils. Initial work was conducted to determine failure modes of 
thermal barrier coatings in the aircraft engine environment. Analytical 
studies then were coupled with appropriate physical and mechanical property 
determinations to derive a coating life prediction model for the dominant 
failure mode. 

The program to accomplish these objectives is divided into two phases. Phase I 
(36 months) was directed towards identification and modeling of the 
predominant failure mode, including verification. This report includes all 
results from Phase I. Phase II (24 months) will adapt this model to a recently 
developed Electron Beam-Physical Vapor Deposited (EB-PVD) coating which has 
substantially improved performance compared with the plasma deposited coating 
investigated in Phase I. Specific technical tasks conducted to accomplish the 
Phase I program objectives are described below: 

o Task I - The objective of this task was to identify the relative 

importance of various TBC degradation and failure modes and to develop a 
preliminary life prediction model for further development in Phase II. 
Specific modes addressed included degradation resulting from static and 
cyclic thermal exposure and hot corrosion. 

o Task II - The objective of this task was to design, conduct and analyze 
experiments to obtain data for major mode life prediction model 
development. Design of the experiments was based on results of Task I. 

Test parameters were varied to cover the range of parameters anticipated 
in engine service of thermal barrier coated turbine components. 

o Task III - The validity of the model developed in Task II was assessed 

through a series of six approved benchmark engine mission simulation tests. 

Phase II will include the following four technical tasks: 

o Task V - The objective of this task is to design and conduct experiments 
to determine physical and mechanical properties required for subsequent 
analytical and life modeling. Ceramic property test specimens will be 
fabricated by EB-PVD using the same parameters used to make the thermal 
barrier coating layer. For physical property test samples, EB-PVD ceramic 
thick specimens having a microstructure which most closely represents the 
thin ceramic microstructure that will be manufactured. Mechanical property 
tests will be conducted on the composite metal-ceramic system. 
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Task VI - The objective of this task is to evaluate the effects of bond 
coat oxidation and develop an empirical oxidation model based on 
quantification and characterization of the MCrAlY oxide scale developed 
during thermal exposure. Burner rig. cyclic furnace and static furnace 
tests will provide information concerning the effects and rate of 
oxidation of the metallic bond coat on ceramic spallation life. These 
tests will address the effects of thermal pre-exposure in oxidizing and 
non-oxidizing environments, critical oxide thickness and growth rate as a 
function of temperature, and provide information on progressive damage. 
Oxide growth rates and thicknesses will be determined through metallo- 
graphic examination and quantitative analyses will be conducted to further 
characterize the oxide. 

o Task VII - The objective of this task is to develop a life prediction 
model for the EB-PVD ceramic coatings by adapting the life prediction 
system developed for plasma sprayed coatings in Phase I of this program. 
The approach involves generation and correlation of design data, 
incorporation of a constitutive bond coat model and employment of a more 
accurate bond coat oxide growth model. Property test data will be used to 
enhance the analytical understanding of the thermal barrier coating 
behavior . 

o Task VIII - The objective of this task is to fully challenge the life 
prediction model developed for EB-PVD ceramic coatings. Experiments 
designed to test the model's validity will expose specimens to a maximum 
of 1000 hours at simulated engine conditions. The experiments will 
emphasize strain, oxide and mixed modes so that the model will account for 
singular and synergistic degradation modes. Life prediction analyses will 
be conducted to evaluate the results of the experiments and the validity 
of the model will be judged according to how closely the model predicts 
TBC life for each engine simulation test. Recommendations for further 
research or refinement required to arrive at a satisfactory engine life 
prediction methodology for EB-PVD ceramic coatings shall be made, if 
necessary. 


4 



BLACK PAGB 

3.0 PHASE I - FAILURE MODES^ANALYSeTaND^®EL DEVELOPMENT 

£isl?=^ 

failure of thermal barrier costings predominant mode of engine 

SSriVS3‘^^ 

o^?rro“S ToSr!^o jst ,'s^ 

178 AA Tho TRr incnes; tnicK with surface roughness: 1 Sft- 

■ n Phase I is equiased B^pkTf ! ^es?gnaied''pwn455 substrate al loy used 
as the NtCoCrAIV bond coat co»,pisltton a?e shL ?n TaMe »ell 



Pre-Test 


200X 


figure 1 Thermal Barrier Coating System Microstructure 
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TABLE I 

NOMINAL COMPOSITION OF PROGRAM MATERIALS 
(Weight Percent) 

Co Cr AT Mo Ta Hf Ti 


PWA 1455 Remainder 10.0 8.0 6.0 6.0 4.25 1.15 1.0 0.015 0.1 

PWA 1376 Remainder 22 18 12 - - " 


3.1 Task I - Failure Mechanism Determination 


The objectives of this task were to Identify thermal barrier coating 
degradation modes which lead to coating failure, determine the 
importance of these modes in aircraft engine applications, and develop and 
verify a preliminary correlative life prediction model for the predominant 

failure mode. 

The approach to accomplish these objectives included an initial review of the 
thermal barrier coating literature and of Pratt & Whitney ®" 9 ine expenence 
with thermal barrier coated turbine components to identify potential modes or 
thermal barrier coating degradation and to determine which of these modes 
appear to predominate in engine service (Task lA). Results were used to 
establish a laboratory simulative engine test program (Task IB). Results 
this test program were used to critically assess the relative importance 
various degradation modes as they relate to coating service life. A so 
included in Task IB was a subtask to measure physical and mechanical 
properties of coating system materials which were required for analytical 
modeling and preliminary correlative life prediction system development which 
was conducted in the first part of Task IC. This effort was followed by 
additional laboratory testing to verify the preliminary model and to provide a 
basis for model refinement in Task II. 


of 

of 


3.1.1 Task lA- Experimental Design 


TBC literature and Pratt & 

Whitney experience with thermal 

on this review, to establish an experimental program , , ^ 

importance of various TBC degradation mechanisms as they relate to coating 

service life. 


The objectives of this subtask were to review the . ^ 

’ barrier coated turbine components, and based 

to determine the relative 


Early work on thermal barrier coatings described numerous material and process 
developments and identified several potential degradation and failure modes 
(Refs. 1-14). These modes included thermomechanically induced structural 
failure of the ceramic coating layer, oxidative degradation of the underlying 
metallic bond coating, thermochemical ly (hot corrosion) induced ceramic 
degradation, foreign object damage (FOD), and erosion. 
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Examinat'ion of experimental and flight serviced engine components indicates 
the first of these degradation modes to be the predominant cause of coating 
failure, resulting in spallation of the ceramic coating layer due to formation 
of a dominant crack in the ceramic parallel and adjacent to the metal-ceramic 
interface (Figure 2). Laboratory test results reported in the literature 
suggest that this thermomechanical spallation mode is accelerated by 
time/temperature dependent interfacial oxidation of the metallic bond coat 
(Refs. 15-16). The examination of engine exposed components indicates that hot 
corrosion, FOD, and erosion do not represent life-limiting modes of 
degradation in engine service. Based on these observations, an experimental 
program was designed to separately assess and quantify the relative 
contributions of mechanical and oxidation degradation to TBC failure. While 
hot corrosion was not identified as a major failure mode in commercial engine 
service, experimental tests were included in the program to identify the 
threshold contaminant level for corrosion damage, thus providing a basis for 
prediction of flight environments where this degradation mode might be 
important. Details of findings from the literature and engine component review 
and of the experimental program designed to assess critical mode importance, 
are provided in the following paragraphs. 



m 


200X 

Figure 2 Typical Thermal Barrier Coating Engine Failure Mode 
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In reviewing the available literature, laboratory data, and engine hardware, 
there was general agreement that the major TBC failure mode is thermomechan- 
ical ceramic coating spallation due to dominant crack propagation parallel to 
but not coincident with the ceramic-metal interface. Crack driving forces are 
presumed due to thermal expansion differences between the ceramic and metal 
components of the system, with the coefficient of thermal expansion of the 
ceramic being significantly lower than that of the underlying metallic system. 

It is also hypothesized that the stresses resulting from thermal expansion 
mismatch during thermal cycling are augmented by oxidation of the NiCoCrAlY 
bond coat, which has an irregular roughened surface topology (Refs. 15, 16, 

17, 18). Miller and Lowell (see Ref. 15) were the first to discuss the role of 
the irregular bond coat/ceramic interface on oxidation related failure. 

Despite the observation that the predominant thermal barrier coating failure 
mode involves thermomechanical spalling, resulting from thermal cycle induced 
stresses, some laboratory evidence exists which indicates a time and 
environmental dependence of the mechanical failure mode. Early evidence of 
time dependence was provided by McDonald & Hendricks (Ref. 19). They showed, 
at least for some compositions, a substantial decrease in the number of 
thermal-cycle caused ceramic spallation failures as cycle duration increased 
from 7 minutes to 60 minutes. Similar results have been obtained at Pratt & 
Whitney. Gedwill (Ref. 20) confirmed this effect with a more durable coating 
of similar composition. Miller & Lowell (see Ref. 15) postulated time 
dependent changes of "stress-free temperature," resulting from time dependent 
bond coat flow, as being responsible at least in part for interaction between 
thermal exposure and thermal cycling effects, but also noted that exposure in 
an oxidizing atmosphere was much more damaging than exposure on a non-oxidizing 
environment. Early results from Pratt & Whitney also indicate a cyclic life 
reduction for both oxidizing and non-oxidizing pre-exposure, with the 
oxidizing atmosphere being much more deleterious. A preliminary thermal 
barrier coating oxidation/thermal stress life prediction model has been 
proposed by Miller (see Ref. 18). 

Andersson (Ref. 21) analyzed the stresses of typical thermal barrier coated 
heat engine components and found that the stresses are tensile in directions 
parallel to metal-ceramic interface for elevated temperature steady state 
operating conditions and during the cool down portion of the cycle, and in 
tangential compression during the heat-up portion of the cycle. 

The stresses induced in coatings are hypothesized to be dependent not only on 
material properties but also heat flux or degree of thermal loading. The 
latter was addressed by Miller and Berndt (Ref. 22). They reported that "good" 
Zr 02-8 w/o Y 2 O 3 coatings have remarkable tolerance to an extremely high 
heat flux plasma torch test. 

The geometry of the component and the coating thickness are also important 
life variables. For thinner coatings (< 0.125 mm (0.005 in)), the stresses due 
to temperature gradients in the coating have been shown to be less severe so 
that increased service life can be expected (Ref. 23). Normal stresses are 
introduced in the coating of a curved surface by the tangential compressive 
stresses present resulting in ceramic spallation. In coated airfoil 
applications this is seen at the leading and trailing edges where the convex 
radii of curvature are minimized. (It should be noted that even a flat surface 
would have radial stresses due to surface roughness.) 
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important characteristic effecting coating 
life. Thermal stability refers to the ability of the ceramic lave? to PnJ?ra 
prolonged high temperature exposure without the occurrence of Saqi?g 
morphological, chemical, or phase changes. Ceramic sintering is a thermally 
activated processes which can also limit cycle life. Ho^vp? ir h.c n!? k 
observed in laboratory/engine testing. Phase studies have determined that the 

c^oalin^g^ 

pP*u?Sc^?:?rconst^t?in??:ir?,ro^ 

p^ses together etth 0 to 5X monocHnic. Because of the extreme^ raolf 

tetraaLa? nL^p^f I k ceramic coating layer, the 

of yT LS ?! coating contains a relatively high percentage 

readily transformed to monoclinic. With prolonged ^ 

vttHnm^Hff/ in the cubic plus tetragonaf phase field 

cJbiJ Dluriow’vVIpr tetragonal phase transforms t^ 

cubic plus low Y 2 O 3 tetragonal, with the low YzOj tetragonal phase 

Ref '^^27)^ ^ ^ transformed to monoclinic upon cooling (Refs. 24, 25. see also 

Stecura (28) studied TBC systems and hypothesized that compositional chanapc; 

BuraMH?! ^“bstrates play a »,ore ImportaTmIe ?n ?„1'^ 

durabil ty than does the coefficient of thermal expansion of the substrat? 

coarcmi a‘nraffecr?!llRr*?'f* 

fo?mPri It fhi Chromium and yttrium oxides are 

I interface during thermal testing. Yttrium diffuses toward the 
bond coat-ceramic interface, chromium diffuses towards the substrate and 

ef “coa^?n^^^m to have an adverse 

rna^L ? I yttria in the bond coat moves 

coating failure location from the bond coat-substrate interface to iust above 
the ceramic-bond coat interface (see Ref. 16). It is hypothesized that thr 
location of major crack initiation, whether within the bond coat oxide layer 

Chi i; OP the stress state at the r™ heCe „ ace 

Which IS at the very least changed by oxide growth. interface 

^her degradation modes noted in several studies include secondary failure 

^oatinaf to fail apparent susceptibility of thermal barrier 

coatings to fail in hot corrosion environments. The responsible mechanism 

de^':"Ld°or^h wf?h^iquid c5?rodent 

subseauent "mlrfal??! surface at intermediate exposure temperatures and 

of thP ?nln? J a spalling resulting from alternate freezing and thawing 

of the infiltrated corrodent (see Refs. 34,32,30,14). ^ ^ 

sC?!ll!?!Cr 5 C I;?! i-eported which supports "thermochemlcal" ceramic 
spallation in hot corrosion environments; i.e the infiltratpH (Na «;n i 

so. partial UssuCes lien sU^’a^o 
resulting in destabilization of ZrOz. This degradation is 
attributed to acid leaching of yttrium from the ceramic. 
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Thortnai harrier coating degradation and failure modes and mechanisms observed 

s::::y — S,”SSS 

spainng life under varjilng exposure conditions. 

while the Task lA study Included reviews of TBC literature and Pt|°t 

fPjirand 

exposed components Engine exposed PWA 264 coated P^^ 

l:rtre'rnnm^5'e grn'ev^F:, anr^lTO. Oeialls of the 
Je^ieied ^^rye documented in Table II. Where available, components 
reorienting the unexposed coating in each of the engine 

also have been examined to changes which occurre of 

structure during engine test. Significant observations form this review o 
engine exposed components are as follows: 

a) Ceramic sintering was not observed in any case 

hi Oxidation of the low pressure chamber sprayed PWA276 bond coat 
^ to coating failure to a lesser degree than as seen ,n the 

laboratory 

ri rnatina failure due to oxidation of substandard, air plasma sprayed 
bonS ?oat major life limiting factor found In PW2037 first vane 

platforms 

d) Geometry effects were considered to play a significant role in 
coating degradation. 

Examination of numerous engine tested components indicated that thermal 

fanure^fre almost exclusively of the "ther^mechanicar' type hown 
in Figure 2. In only one case has engine component thermal barrier coating 
failure been attributable directly to bond coat oxidation alone. That 
pprtrular ?a?lure occurred on a vane airfoil which was opera ed under 
unusually severe thermal conditions and was, for reasons of processing 
convenience, coated with an air sprayed bond coat. 
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3.1.2 Task IB. 1 Conduct Critical Experiments 

The objective of this subtask was to conduct a series of critical experiments 
and tests designed in Task lA to determine the relative importance of various 
thermomechanical and thermochemical coating degradation modes. Failure life 
data from these tests was also used to develop a preliminary life prediction 
model in Task IC. The test program included clean fuel and salted burner rig 
tests as well as static furnace testing of thermal barrier coated specimens to 
establish the relative importance of thermal stress cycling versus thermal and 
thermochemical degradation in determining thermal barrier coating life. The 
overall Task I test plan is shown in Figure 3. 

The specimen used for all static and cyclic exposure testing in this subtask 
is illustrated in Figure 4. For cyclic burner rig testing, this specimen was 
thermal barrier coated on all surfaces except for the butt end, where coating 
was optional but not required. For static furnace exposure testing, the 
application of a tapered coating to only the cylindrical portion of the bar 
was employed to minimize the possibility of premature coating failure at the 
edge of the ceramic layer. 

Prior to use in this task, all raw materials were thoroughly characterized and 
tested to ensure acceptability. Table III presents ceramic and metallic powder 
analysis which include: chemistry, particle size distribution and x-ray 
diffraction results. 

Following raw material qualification, all burner rig standard erosion bars 
used in Task I testing were LPCS with NiCoCrAlY metallic bond coat (AMI Lot 
No. 6192). Low pressure chamber spray conditions and parameters are presented 
in Table IV. Sample tip sections were taken from selected specimens from each 
batch of bars for verification of thickness and microstructure. 

The test bars were air plasma sprayed with Zr0z-7w/o YzOj. Air plasma 
spray deposition parameters are given in Table V. A statistical program 
designed to randomize coating sequence, and hence any uncontrolled variability 
of deposition parameters, was used to coat and select test bars. 

To document uniformity of structure, a pre-test sample was obtained from every 
specimen tested in this program. Selected samples (about 101) were examined 
metal lographical ly using a statistically designed selection plan. The balance 
of the samples remained available for metal lographi c examination if needed. 

3. 1.2.1 Furnace Exposure Tests 

These tests were performed to determine the influence of static thermal 
exposure on TBC degradation and failure. Specimens were furnace exposed at two 
temperatures for various times in various combinations of oxidizing and 
non-oxidizing environments as shown in Figure 5 and described below. Baseline 
tests designated "A" were conducted at 1149“C (2100“F) in oxidizing and 
non-oxidizing environments. These tests involved furnace exposure of two 
thermal barrier coated specimens per test condition for times sufficient to 
cause failure of the ceramic coating. Failure in this context is defined as 
development of "delamination" cracking over a significant area. In order to 
observe delamination damage, specimens were infrequently cycled to room 
temperature. Cycle frequency/inspection intervals are presented in Table VI. 
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10.947 ( 4 . 310 ) 
10.897 ( 4.2901 


0.135 


0.110 




1.295 ( 0 . 510 ) 
1.245 ( 0 . 490 ) 


0.660 ( 0 . 260 ) 
0.610 ( 0 . 240 ) ^ 


D 


Figure 4 Burner Rig Coating Evaluation Speci 


men 


Material 


TABLE III 

METALLIC AND CERAMIC POWDER ANALYSES 


Chemical Analysis 


Particle Size Analysis 
Cumulative % Finer Microns 


NiCoCrAlY 
(Alloy Metals 
Lot #6192) 


7^w/o Y 203 -Zr 02 
(Zircoa Lot #30656) 


21.60 w/o Co 
17.50 w/o Cr 
13.00 w/o A1 
0.66 w/o Y 
Bal. - Ni 


7.2 w/o Y 2 O 3 

1.7 w/o Hf 02 
0.1 w/o CaO 
0.2 w/o Ti 02 
0. 1 w/o Fe 203 
0.3 w/o AI 2 O 3 
Bal. -Zr 02 


X-RD Results 


100 

100 

100 

100 

93 

72.2 

41.5 
21.9 
11.8 

5.5 
2.3 
0.7 
0.0 

100 % 

94.7% 

86 . 1 % 

63.7% 

39.4% 

29.0% 

11 . 8 % 

5.3% 

2.7% 

1.3% 

0.5% 

0.5% 

0 % 


176 

125 

88 

62 

44 

31 

22 

16 

11 

7.8 
5.5 

3.9 

2.8 


125 

88 

62 

44 

31 

22 

16 

11 

7.8 
5.5 

3.9 

2.8 


80-85 v/o fee Zr 02 
20-15 v/o monoclinic Zr 02 
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TABLE IV 

LOW PRESSURE PLASMA SPRAY CONDITIONS 

Standard erosion bar specimens coated using an Electroplasma High Energy Gun 


Gun Voltage (V) 

Gun Current (A) 

Standoff 

Workpiece Temperature 
Helium and Argon arc gases used 


TABLE V 

AIR PLASMA SPRAY CONDITIONS 

Standard erosion bar specimens coated using a Plasmadyne SG-100 Gun 


Gun Voltage (V) 

Gun Current (A) 

Standoff 

Workpiece Temperature 

Helium and Argon arc gases used. 

He = 32 SCFH (100 psig) 0.91 mVhr 
Ar = 106 SCFH (50 psig) 3.0 mVhr 


42 

900 

7.62 cm (3 in) 
260°C (500°F) 


58 

1500 

38.1 cm (15 in) 

816 - 927°C (1500-1700“F) 



MINIMUM OF TWO (2) COUPONS PER BLOCK 


TEST CONDITIONS SHOWN THUS: 



not TO BE EVALUATED 


Figure 5 Task I Furnace Exposure Test Plan to Evaluate Thermal Barrier 
Coating Static Failure Life 
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TABLE VI 

INSPECTION INTERVALS FOR TASK IB FURNACE TESTS 


Test Code Condition 


Inspection Interval 


Al.A 

Al.B 

A2 

B 


1149°C (2100°F)/Air 
1149°C (2100°F)/Air 
1149°C (2100°F)/Argon 
1204°C (2200°F)/Air 


10 hrs, 
80 hrs, 
80 hrs. 
10 hrs. 


Examination involved visual obser\/;ii-inn 

ceramic. To determine the influpnrp r.f detect areas of delaminated 
J5c«nwe‘irr^:v^^rarap"L,'::?^^" exa^natlon of spec,™ens 

IS ? K r 


interface between the 
depletion in the meta 


meta 
i c 


in 

. . growth at the 

and ceramic coating layers and beta phase 
coating layer. ^ 


3.1.2 


.1.1 Furnjice TesOe_^uj^t s and M [cros true tura : 


Eval uation 


upon 


the 


that independent of thirp'ogral Ltrie" Th Note 

has been included in Figure 6 Spa?iatiorfa m-house for 1094°C (2000“F) 
did not occur during i sotherL 1 ^LoosuVe I? . ceramic coating layer 

cool-down, initiating at the aTe^wh^P 

photograph of a typical failed ^oarfL ?c change. A 

measurements were made at earh ineno f' ^ shown in Figure 7. Weight gain 
Although the tapered coating scheme ore^ 

design allowed for exposed Lbstrate^ thu^ coating failure, 

give a rough indication of oxide accumulation data will only 

summarized in Appendix A. ccumulation. These weight gain data are 

tX7a?u^e'\Jpo^ env^onL^rand'^cvey^fr"’^ 

life. The results show thatXrL? exoos ' spallation 

failure for an extended period of time cornered tn^^? coating 

exposure conducted in air, frequent the^S r!?n ■ for furnace 

decrease the total exposure time to fa?wi did not significantly 

(2100°F) air tests with 10 hour and fin h ^ shown by comparison of 1149''C 
harrier coating 1 ife »as shown CJa 1 inspection intervals. Thermal 

content" by previous work conduc\ed brMHIer(Rlf*'l 7 s‘'^'’H"‘’®"* 

Hendricks (Ref. 19 ). Miller (Ref. 37) and McDonald and 
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TABLE VII 

SUMMARY OF AIR AND ARGON FURNACE EXPOSURE 


TEST RESULTS 


Specimen 
I.D. # 


Code/ 

Condition 


Exposure 

Time/(hrs) 

# of Cycles 


Metallographic 
Results Observations 


Major crack just above 


TP07 A1 .A/Air-1149°C 

TP08 {2100°F) (10 hr 

inspection) 

TPOl A1 .B/Air-1 149°C 

TP02 (2100°F) (80 hr 

inspection) 

TP05 A2/Ar-1149°C 

TP06 (2100“F) (80 hr 

i nspection) 

TP03 B/Air-1204°F 

TP04 (2200°F) (10 hr 

inspection) 

TP16 C/Air-1149°C 

(2100°F) 
Fractional 


140/14 Failed 
160/16 


240/3 Failed 
160/2 


1040/13 No Failure 

1040/13 No Failure 


40/4 Failed 

60/6 


90/1 No Failure 


Major crack just above 
interface within ceramic 


Incipient cracking near 
interface noted 


Major crack just above 
interface within ceramic 


(60%) No major cracking; 
some incipient cracking 
near the ceramic oxide 
i nterface 


TP19 

C/Air-1149°C 

(2100°F) 

Fractional 


135/1 

No Failure 

(907.) No major cracking; 
some incipient cracking 
near the ceramic oxide 
interface 

TP20 

C/Ai r-1 1 49°C 

(2100°F) 

Fractional 


150/1 

No Fai lure 

Incipient fai lure 
observed at suspected 
bond coat defect; Major 
cracking extending from 
"blister" through 
aligned Kirkendall voids 

TP21 

C/Air-1 149°C 
Fractional 

(2100°F) 

165/1 

Failed 

Major cracking/ 
delamination 

TP22 

C/Air-1 149°C 
Fractional 

(2100°F) 

180/1 

Failed 

Major cracking/ 
delamination 

TP23 

C/Air-1149°C (2100°F) 
(lOhr inspection) 

120/12 

Failed 

Incipent cracking 
at the tip 

TP24 

C/Air-1149°C (2100°F) 
(lOhr inspection) 

150/15 

Failed 

Major cracking with some 
delamination at tip 
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Figure 6 


Figure 7 




A AIR EXPOSURE (10 HOUR CYCLE) 

B AIR EXPOSURE (80 HOUR CYCLE) 

Q TBC "QUASISTATIC” FURNACE 

EXPOSURE, ARGON (80 HOUR CYCLE) 
NO FAILURE 


TBC ''QUASISTATIC"- 
FURNACE LIFE - (AIR) 


\ 



10 1 I L 

1100°C 1150°C 

I 1 l__ 

2000°F 2100®F 


J ^ 


1200°C 


_L 


2200°F 


INTERFACE TEMPERATURE 


Test Data Showing Thermal Exposure Atmosphere Effects on Coatinq 
Durabi 1 i ty 



0.9X 

Photomicrograph of Typical Furnace Tested Failed Coating 


ORIGINAL PAGE 

BLACK AND WHITE PHOTOGRAPFf 
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The high temperature (1204“C (2200“F) in air) furnace exposure results show a 
significant decrease in TBC life. This life decrease is attributed to a 
combination of more rapid oxidation at the high temperature and larger thermal 
strain excursion on cooling to ambient from the higher temperature. The Argon 
environment significantly reduced the weight gain (oxidation) rate as compared 
to an air environment so that exposure time and cycle life increased 
dramatically without causing ceramic spallation. 

To aid in interpretation of static furnace exposure results, metal lographi c 
and x-ray diffraction analyses were conducted on pre- and post-exposure 
specimens. X-ray diffraction results are summarized in Figure 8. in zne air 
exposed specimens, the v/o of monoclinic ZrOz increases with increasing 
exposure time. In individual comparisons between these tested specimens and 
the pre-test specimen, there is an apparent decrease in the tetragonal phase 
which accompanies the increase in the monoclinic phase and a slight increase 
in the FCC phase, suggesting that existing metastable tetragonal phase is 
undergoing transformation. In looking at the two specimens tested at ' ] C 
(2100°F) (different cycle lengths; 80 hrs. and 10 hrs.), one failing at 160 
hours and the other at 240 hours, there appears to be not only an increase in 
the v/o monoclinic phase with time but an associated decrease in the v/o fll 
phase and no change in the v/o tetragonal phase with increasing time. 

These observations are consistent with those presented by Miller (Ref. 24), 
suggesting that homogenization resulting from heat treatment may have resulted 
in an increase in both the low YzOj transformable tetragonal and the high 
YzOj cubic phase. Upon cooling, the transformable tetragonal then would 
transform to the monoclinic phase, while the cubic phase is retained. 

X-ray diffraction analysis of the Argon exposed specimen ^'^vealed 1007. FCC 
ZrO ^ This result is consistent with other studies which suggested that the 
equilibrium phase distribution may be sensitive to oxygen partial pressure 

(Ref. 38). 

Thermal exposure effects including oxidation, beta (NiAD depletion, bond coat 
JubstJatriXdiffu^on, and cerlmc structure were metal lographi cally 
studied. Electron Microprobe analyses were conducted to study ^ 

chemical changes occurring In the substrate-bondcoat-cerami c sys . fact 

VIII presents^a summary of the metal lographi c evaluation of 
furnace exposed specimens which are shown in Figures 9 through 15. Thermal 
barrier coating failure was observed to be associated with increased time at 
temperature which resulted in increased beta depletion, average oxide 
thickness, interdiffusion zone width and average void size. An increase in 
Kirkendall void population is seen with the high exposure temperature. 

Specific examples of these various changes are discussed in the following 

paragraphs . 
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V/0 PHASE PRESENT 


100 


90 


80 


70 


60 


50 


40 


30 


20 


10 


FCC 


FCC 


FCC 


MAX. 

MIN. 


TETRAGONAL 
MAX. 


MIN. 


MAX. 


MIN, 


TETRAGONAL 
MAX. 


MIN. 


MONO- 

CLINIC 


FCC 

MAX. 
MIN. 


TETRAGONAL 


MONO- 

CLINIC 

a. 


FCC 

max. 


MIN. 


TETRAGONAL 


MONO- 

CLINIC 


MAX. 


MIN. 


PRE-TEST 


60 HRS 1204°C 
(2200“F) air 
10 HR CYCLE 


160 HRS 1149°C 
(2100°F) AIR 
10 HR CYCLE 


240 HRS 1 ^49^C 
(2100‘^F) AIR 
80 HR CYCLE 


1040 HRS 1 149°C 
(2100°F1 ARGON 
80 HR CYCLE 


Figure 8 X-Ray Diffraction Results of Furnace Exposed Test Specimens 
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TABLE VIII 

METALLOGRAPHIC EVALUATION OF SELECTED FURNACE EXPOSURE SPECIMENS AFTER EXPOSURE 
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Figure 9 Light Photomicrograph of Post-Test Microstructure. Failed After 

Furnace Exposure in Air at 1I49“C (2100“F) with 80 Hour Inspection 
Intervals (240 hrs/3 cycles) 





41 • 


200X 


Figure 10 Light Photomicrograph of Post— Test Microstructure. Furnace Exposure 
in Argon at 1149'’C (2100°F) with 80 Hour Inspection Intervals (1040 
hrs/13 Cycles) 
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Figure 11 


Figure 1 
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200X 


Light Photomicrograph of Post-Test Microstructure. Failed Furnace 
After Exposure in Air at 1149°C (2100“F) with 10 Hour Inspection 
Intervals (160 hrs/16 cycles) 





200X 


2 Light Photomicrograph of Post-Test Microstructure. Failed After 
Furnace Exposure in Air at 1204“C (2200°F) with 10 Hour Inspection 
Intervals (60 hrs/6 cycles) 
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Figures 16a_ through 16c show the back scatter image photomi crograohs of the 

hou^s^^^M9“^(2100“F) specimen furnace tested in Argon for 1040 

TRr f;,n,.!o thermal exposure in Argon did not result in 

TBC failure, the microstructure reveals major crack formation at 

thAt~thI^rh^^h ^ 0 '^® bond coat oxidation was observed indicating 

that the chamber oxygen partial pressure may not have been low enough to ^ 

cMHnS It 15 implied, from the coJo? of the 

fh^tfho ^ ^5 ceramic outer layer became oxygen deficient. It is possible 
that the loss of oxygen in the 745Z coating was in part due to alumine 
formation at the interface. Upon examination of the Back Scatter Image (BSD 
photomicrographs dark and light regions appear at the Interfax Bond ^oat 
oxide IS observed to be the darker, discontinuous region. The Hght areafln 
the oxide, are believed to be unoxidized bond-coat evident by the polishing 
marks which are visable in Figure 16c. Figures 16d through 16h sLw tifenerav 
spectragraphs for the various elements present, corresponding to 
marked 1-5 on Figure 16b. Figures 17a through 17j show the X-rav 

ds?k present. It becomes clear from these maps that the ^ 

dark interface phase is predominantly ADO 3 . Cobalt, Ni , and Cr are the 
major bond-coat elements and show a strong x-ray image, while Molybdenum Hf 
Ti and Ta are substrate elements which have clearly diffused in?o the bond 
coat. Some Ti and Hf enrichment is occurring at the bond coat-ceramir 
interface and many Hf enriched phases are also visible. 

Figures 18a through 18c show back scatter images for the post-test micro 

(z'lOO^Fr Thp specimen furnace tested in air for 240 hours at 1149°C 
2100 FD The figures show a thick, well defined, continuous dual oxide 

egion tL D h ^ reg?o^and I dark oxide 

^ h-’ light oxide seems almost porous and shows a network of extenDonc 

reaching into the ceramic. The darker phase however is very dens^but with 
ne^"?h^'rX/ shL'tha he" eem 

w’fSk: 

present corresponding to the locations marked 1-8 on Figure 18c gurL^l'ga^^ 
through 19j show the X-ray maps for the various elements present Z lLl 
show clearly that the "dark" portion of the oxide is A1 0^ Kirkendall 
voids are present at the substrate-bond coat interface T^e x-raTmao for Al 

shows a strong image of Al picked up in the void are" This is ^ssnmL ? J 

"ligh^'^po^tion^'orthe^^^^^ polishing media. The ° " 

light portion of the oxide appears to consist of spinel i e Ni or rn 

chro»ates. Hafnium. TI and Ta appear to have diffused into the’bond coa? but 

As shown previously. Figures 13 and 14 represent the "frarFion;, 1 " 

test specimen mi crostructures after exposure for 60% and 907 of the tot^l^^ 


Two additional specimens were tested at 1149°C (ZlOO^Fl in air frsr icc u 
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Figure 16 (d thru h) Energy 
Dispersion Spectrographs for 
Elements Present at Various 
Locations Corresponding to Figure 
16b. Argon Exposed 1149”C (2100°F) 
for 1040 Hours 80 hour cycles - 13 
cycles) 
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Figure 17 ( 


A1 X-ray Map 


(b) 
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i-j> 


Exposure in Argon at 1149°C 
(2100 F) for 1040 Hours (80 hour cycles - 13 cycles) 
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Co X-ray Map 


(d) 


800X 


Figure 17 (continued) 
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Mo X-ray Map (g) 


800X 
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Hf X-ray Map 


(h) 800 X 

Figure 17 (continued) 
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Ti X-ray Map (i) 
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Ta X-ray Map (j) 

Figure 17 (continued) 
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cycles) 


Figure 




^^Anor (^-jinn®?^ for 240 Hours (80 hour cycles y 
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(k) 


Figure 18 (h-k) 


Energy Dispersion Spectrographs for Elements Present at 

Corresponding to Figure 18b. Air Exposed at 
1149 C (2100 F) for 240 Hours (80 hour cycles - 3 cycles) 
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Figure 


ORIGINAL PAGE 

black and white photograph 



SUBSTRATE 
BACK SCATTER IMAGE 


NiCrAlY INTERLAYER 
(a) 


CERAMIC OUTER LAYER 
400X 



19 (a-j) 


Back. Scatter Image of Post-Test Microstructure. Furnace 
E^posurf in Air at 1149»C (2100“F) for 240 Hours (80 hour 
cycles - 3 cycles) 
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Figure 19 (continued) 
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Figure 19 (continued) 
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Figure 19 (continued) 

ORIGINAL PAGE 

BLACK AND WHiir PMOtogrAPM 




As noted In Table VII, cracking occurred at the tip location for the 807 M?n 
nsn cracking and delamination was observed for the 1007 

yjr.%/erj: ZcTy nntr?r^onrcJt\:pe?ui:r' 

However, no "dominant" major subcrltical crackinri s observed Sor [^Ihe 
seen singularly large cracks, which may result in spallation. 


3 . 1 . 2. 2 Cyclic Thermal Exposure Tests 

pre-exposure on coaTng cyclic tbeLffai^e ^ife aS^ and static 
j^formation concerning interactions between static and cycM^thermarfln u?7 


NUMBER OF 
TEST BARS 


MAXIMUM 

CYCLE 

TEMPERATURE 
°C (“F) 

1 

TRANSIENT 

HEATING 

RATE 

SHORT CYCLE 

LONG CYCLE 

CYCLE TO 
FAILURE 

FRACTIONAL 

EXPOSURE 

CYCLE TO 
FAILURE 

FRACTIONAL 
EXPO SURF 

1 149 
(2100) 

FAST 

© 

G 

m 

F 


SLOW 

O 

E 

X 


X 

1094 
( 9nnm 

FAST 

u 

°2 





SLOW 

X 


H 7 

X 



COATING 

THICKNESS 


4 

2 

2 

2 

2 


0.25mm (0.010 in) AS-SPRAYED CERAMIC (“BASELINE 
0.13mm (0.005 in) AS-SPRAYED CERAMIC 
0.38mm (0.015 in) AS-SPRAYED CERAMIC 
0.25mm (0.101 in) AIR PRE-EXPOSED CERAMIC 
0.25mm (0.010 in) ARGON PRE-EXPOSED CERAMIC 


COATING) 


} 


40 HR AT 1 149°C (2100°F) FOR 1 149“C (2100“F TESTING 
100 HR AT 1094“C (2000“F) FOR 1094°C (2000°F) TESTING 


CONDITION G : 

FRACTION EXPOSURE TEST, DESCRIBED IN TEXT 


Figure 20 


Task I Clean Fuel Cyclic Burner Rig Test Program 
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5 i -c-er.:-: ?^ji:3’;?;^ 

?harlcU?ize speciLn temperature distributions; see Frgure 21. 



Figure 21 Typical Burner Rig Cycle Therinocouple Data 


1 • r- f 4 -Urt TDP wac Hpl"prmin6d ds d f^unction of^ nidximurn 
Baseline cyclic life of the TBC a . . baseline coated burner rig test 

^^arnjnutes;:itb 4 /^“"rlraii 2 i^JuTfolcT, air 

temperature and 2.5 - 3 minutes a ^^4, failure being defined as 

sS’lia?ion"? tSrir^^r approximate,, 50%'of the speci^n hot^zone^which 
;rto^^aySrnrp’l^ar/ailef'b:r^e^?irmt specimen is sbo.n in Figure 22. 
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I .b X 


Figure 22 Photomicrograph of Typical Burner Rig Failed Spec 


imen 


To provide information on the influence of transient heating rate on thermal 
barrier coating spalling life, six specimens were tested to failure at a 
transient heating rate which was approximately three minutes instead of one 
minute- Results of these tests, identified as "E" (3 minute heat-up V minute 
maximum temperature . 2 minutes cool down) in Figure 20, were used in Task IC 
and subsequent life prediction modeling analyses 

Two approaches were employed to evaluate interaction(s) between thermal 
exposure and cyclic degradation modes. The first of these involved cyclic 
exposure as defined above with a longer cycle duration (identified as "lonq 
cycle in Figure 20). The long cycle employed was 60 minutes, involving 57^ 
minutes flame immersion (approximately 1-1.5 minutes to temperature and 55 5 
-56 minutes at temperature) and 3 minutes forced air cooling Four "baseline' 


A second approach to evaluate interactions 
exposure involved cyclic testing of furnace 
cyclic conditions as the baseline specimens 
pre-exposure of test specimens in air and i 
of the estimated total hot times (hot time 
heat-up + transient cool down time), which 
baseline coating in the corresponding test, 
selected on the basis of prior experience, 
fraction" was calculated from baseline test 
completed. Four pre-exposed specimens, two 
non-oxidizing environments, were tested at 
identified in Figure 20. 


between cycling and thermal 
pre-exposed specimens at the same 
. The test plan involved 
n argon to approximately one-half 
= total cycle time-transient 
were anticipated for failure of the 
Pre-exposure durations were 
The actual pre-exposure "life 
results after testing was 
each exposed in oxidizing and 
each of the test conditions 


kJcdGlITA;. 

black and white PHOTOGRAP'Ff 
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To determine the Influence of ceramic thickness on coating life, two specimens 
coated with a nominal 0.13 mm (0.005 in) thick ceramic and two specimens 
coated with a nominal 0.38 mm (0.015 in) thick ceramic were included m each 
of the four burner rig tests identified as 9, 11, 13, and 17 in Figure 20. 


To provide information concerning the nature and rate of accumulation of 
coating damage, a fractional exposure test, identified as "G" was conducted. 

In this test, two groups of specimens were exposed to approximate decile 
fractions of the cyclic failure life and examined metallographi cal 1 y to 
identify possible progressive damage mode(s) which cause ceramic spalling 
failure. In the first group, specimens were cycled to each of the 
approximately 10%, 20%, 30%, 40%, 50%, 60%. 70%. 80%. and 90% fractions of the 
estimated cyclic failure life defined in the "D1" test. A single specimen was 
included in this first group which was tested until failure and then life 
fractions of the other specimens in this group were adjusted accordingly. The 
second group of specimens were cycled to life fractions of exposure times 
which were chosen to focus on giving better resolution to the actual failure 
time. 


3 . 1 .2.2.1 Cyclic Thermal Exposure Test Results 

A comparative summary of the Task IB burner rig test results is presented in 
Table IX. Detailed results for each test are listed in Table X. 


TABLE IX 

COMPARATIVE SUMMARY OF TASK IB BURNER RIG TEST RESULTS 
TOTAL HOURS TO FAILURE/CYCLES TO FAILURE/ 
ESTIMATED HOURS OF HOT TIME TO FAILURE* 


TEST CODE/ 

STANDARD 

"BASELINE" 

AVERAGE 

THIN 

ARGON PRE EXPOSED 
AVERAGE 

THICK 

AVERAGE 

AIR PRE-EXPOSED 
AVERAGE 

01 /21 00°F 1 .0. , Short 
Cycle - Fast Heat Up Rate 

186/1860/77 

238/2380/99 

215/2150/130 

132/1320/55 

50/500/61 

D2/2000°F I . 0 . , Short 
Cycle - Fast Heat Up 

471/4710/235 

525/5250/263 

694/6940/447 

470/4700/235 

205/2050/203 

E/2100°F I.D. , Short 
Cycle - Slow Heat Up 

135/1350/22 

162/1620/27 

142/1420/64 

121 / 1210/20 

29/290/45 

F/2100°F I .D. , Long 
Cycle - Fast Heat Up 

72/72/67 

119/119/110 

98/98/162 

59/59/55 

16/16/55 


•Estimated hours of hot time 
to failure include time for 
Air and Argon thermal exposure 
prior to burner rig testing. 
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TABLE X 

BURNER RIG TEST RESULTS 


TEST CODE/ 

TEST CONDITION 

01/2100°F, Short Cycle 
Fast Heat Up Rate 


"BASELINE" 

STANDARD 


AVG 


AIR 

PRE-EXPOSED 


50 ' 
50 ! 


AVG = 50 


186 


ARGON 

PRE-EXPQSED 


, AVG - 215 


THICK 

CERAMIC 


THIN 

CERAMIC 


104 I 
160 } 


AVG = 1 32 243 < 

232 I 


AVG 


02/2000‘^F. Short Cycle 
- Fast Heat Up Rate 


E1/210U“F, Short Cycle 
Fast Heat Up Rate 


386 
443 

435 >AVG = 471 
557 
536 


156 ) 

129 / 

142 V AVG = 135 
142 ( 

121 I 
121 / 


215 


( AVG = 205 

679(aVG ^ 694 

515 1 

AVG = 470 557 ( 

f 

708) 

425 ) 

492 1 


AVG = 


1 AVG - 29 

142 1 

AVG ^ 142 

121 ( 

AVG - 121 162 

f 

142 ) 


121 ) 

162 


AVG = 


Fi/2I00“F, Long Cycle 
Fast Heat Up Rate 


70 

60 ^ AVG ^ 72 
59 
98 


\ AVG ^ 16 

93 1 AVG - 98 

54 \ 

AVG ^ 59 

116 \ 

/ 

102 f 

64 ) 


122 ) 


AVG = 


Review of these data clearly indicates exposure temperature to have a stronq 
spallation life. Comparison of baseline coating lives at 1094°C 
(2000 F) and 1149°C (2100°F) (02 versus 01 results in Table IX) indicates 
approximately 60 percent reduction in life for a 55“C (100°F) increase in 
exposure temperature. This temperature effect is shown graphically in Figure 
23, where estimated total hot time to failure is plotted versus exposure 
temperature for the 01 and 02 baseline tests together with results from other 
tests conducted on internal programs. Also included for comparison in Figure 
2J are results of the guasi-static failure tests shown previously in Figure 6. 
This comparison clearly shows the influence of thermal cycling on spallation 
life. The reason for the apparent curvature of the cyclic data in Figure 23 
as opposed to the apparently linear behavior of the static data is not 
presently understood. 


= 238 


525 


162 
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A 10 HOUR CYCLE 
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1050°C 


1 100°C 




1 150°C 




1200°C 


X 


1250°C 


Figure 23 


2000° F 2100°F 2200° F 

INTERFACE TEMPERATURE 

Test Data Showing Coating Life Dependent on Temperature , “Cycl i c 
Content" 


.TforF nf fvcle freQuencv on spallation life is shown by comparison of the 
Dl^and F test Results in Table IX. When compared on the basis of cycles to 
Tdramatic life reduction is seen; however, when compared on the 
b^sis of est^matL time at maximum exposure temperature ,^cjclic^f;equency^is 


at 

be 


. u iitHp influence on life in the frequency range and 

seen to have relatively ^ 23 This latter observation must 

significant influence on life might have been seen. 

Ac Hp-;rribed oreviously Test E was conducted to assess the influence of 
?ransienl h^t^ng ^ate^^o^ spallation life. It was expected that the s ower 
transient and reduced time at temperature would increase life however as 
seen in Table IX, spallation life appears to have ^^htly reduced by 

this change of test parameters. This result is not fully understood at the 
nresent time; however, evaluation of this data set by the subsequent y 
discussed oreliminary prediction system indicates that the difference 
S^tweerthe baseline and reduced transient results could be accounted for by a 
Detween T (10°F) which is within the inherent 

accuracy^of the thermocouple based instrumentation system used to establish 
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temperature for these two tests. Based on this observation, it seems 
reasonable to conclude at this point that the reduction of transient heating 
rate appears to have no significant influence on life within the range of 
scatter inherent in the burner rig test. 

In an effort to assess the influence of thermal exposure on spallation life 
and to separate thermal from environmental effects, coated specimens which 
were thermal ly pre-exposed in both oxidizing and non-oxidizing environments 
were included in several of the burner rig tests discussed above. As 
illustrated in Figures 24 and 25, results of these tests indicate that 
isothermal pre-exposure in air caused a significant reduction of subsequent 
cyclic spalling life, while pre-exposure in a non-oxidizing environment did 
not reduce life. It is interesting to note in Figure 24 that the total time at 
temperature for spallation of the air pre-exposed specimens is roughly 
comparable to hot time to failure for cyclically tested baseline specimens. 
This observation, coupled with the absence of a life debit for non-ox i di zi nq 
pre-exposure, strongly suggests that oxidization is a primary thermal barrier 
coating degradation mechanism. 



Figure 24 Test Data Showing Air Pre-Exposure Degrades Cyclic Life 
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• BURNER RIG LIFE OF COATINGS 



INTERFACE TEMPERATURE 

Figure 25 Test Data Showing "INERT" Pre-Exposure Does Not Effect Coating 
Performance 


Thp influence of ceramic thickness on baseline test spallation life is 
illustrated in Figure 26. As expected, reducing ceramic thickness provided a 
small increase of life, while Increasing thickness reduced life^ Examination 
orihe data in Table IX indicates that this effect is consistent for the 
various test parameters investigated. 
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Figure 26 Test Data Showing Ceramic Thickness Effects 
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3. 1.2. 2. 2 Mi crostructural Evaluation for Cyclic Thermal Exposure Tests 

In an effort to better understand the phenomenological observations discussed 
above, failed burner rig specimens were examined metal lographical ly. All 
burner rig specimens exhibited "typical" near interface ceramic spallation 
with a thin layer of ceramic remaining adherent to the bond coat after failure. 

Figures 27 through 30 show representative baseline pre-test and post-test 
microstructures for all four burner rig test conditions. In comparing the 
baseline laboratory post test microstructures with engine exposed failures 
"oxidation damage" (oxide thickness) appeared to be somewhat greater for the 
laboratory test specimens. This is attributed to the relatively high interface 
temperatures employed in the accelerated laboratory spallation life testing 
Oxide thickness was on the order of 7.6 microns (0.0003 in) for all of the 
tests except for the long cycle 1149“C (2100°F) test in which oxide thickness 
was estimated to be twice as thick. The microstructures also show Kirkendall 
void alignment at the original bond coat- substrate interface suggesting 
bond-coat/substrate compositional changes. Kirkendall voids have not generally 
been observed to a great extent in revenue engine service hardware. 

In the laboratory test conducted to study environmental effects, results 
suggested that oxidation damage contributed significantly to thermomechanical 
cracking in the ceramic layer. Figures 31 through 34 show the pre-test (post 
furnace exposure) and post burner rig test microstructures of representative 
air pre-exposed specimens for each test condition. Figures 35 through 38 show 
the pre-test (post-furnace exposure) and post burner rig test microstructures 
for representative argon pre-exposed specimens. Evaluation of the specimen 
microstructures pre-exposed in air and in argon, prior to burner rig testing 
showed that the former has a well defined thick oxide layer at the metal 
ceramic interface which the latter does not. The air pre-exposes specimen 
oxide layer is on the order of 7.6 microns (0.0003 in) thick prior to 
laboratory testing. The air pre-exposed microstructures also show a beta 
(NiAl) depleted zone in the bond coat about 38.1 microns (0.0015 in) wide 
directly below the oxide layer, suggesting that the composition of the oxide 
may be predominantly AI 2 O 3 or alumina spinel. This near-interface beta 
depletion is clearly absent in those specimens which were argon heat treated 
Coarsening of the beta phase was observed for both types of pre-exposure. 

The air and argon pre-exposed microstructures, exhibited an interdiffusion 
zone at the area adjacent to and below the bond coat-substrate interface 
marked by Kirkendall void alignment. This suggests that the bond coat and 
substrate composition has changed. It is possible that the slight increase in 
coating life found with the argon pre-exposed specimens is due to these 
compositional changes which may result in changes in the bond coat strength 
properties. For the air pre-exposed specimens, any benefits obtained due to 
these compositional changes would be overridden by the thick oxide develoned 
at the interface. ^ 
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200X 

Unetched 

Figure 27a Light Photomicrograph of Baseline Pre-Test Microstructure (D1 Test) 



D1 Baseline Post-Test 

175 hrs/2100“F - I. D. /Short Cycle Etched - AG 21 
HST 004 (85-18) 


Figure 27b Light Photomicrograph of Baseline Post-Test Microstructure (01 

Test) After 175 hrs at 1149°C (2100°F)/Short Cycle/Fast Heat-Up Rate 
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t 

Etched - AG 21 200X 


Figure 28a Light Photomicrograph of Baseline Pre-Test Microstructure (D2 Test) 



Etched - AG 21 2U0X 

Figure 28b Light Photomicrograph of Baseline Post-Test Microstructure (D2 

est) After 435 hrs at 1094°C (2000°F)/Short Cycle/Fast Heat-Up Rate 
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Etched - AG 21 200X 

Figure 29a Light Photomicrograph of Baseline Pre-Test Condition (E Test) 



Etched - AG 21 200X 

Figure 29b Light Photomicrograph of Baseline Post-Test Mi crostruture (E Test) 
After 142 hrs at 1149°C (2100“F)/Short Cycle/Slow Heat-Up Rate 
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Etched - AG 21 200X 

Figure 30b Light Photomicrograph of Baseline Post-Test Microstruture (F Test) 
After 70 hrs at 1149“C (2100“F)/Long Cycle/Fast Heat-Up Rate 
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Test) 





Etched - AG 21 200X 


Figure 31a Light Photomicrograph 

for Air Pre-Exposed Specimen (1149 C (2100 P)/4Unrs; 



Etched - AG 21 20 OX 

Figure 31b Light Photomicrograph of Post-Burner Rig Microstructure (D1 Test) 
for Air Pre-Exposed Specimen (1149°C (2100°F)/40 hrs) After 50 hrs 
at 2100°F/Short Cycle/Fast Heat-Up Rate 
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Etched - AG 21 200X 


Figure 32a Light Photomi crograph of Pre-Burner Rig Microstructure 56 (D2 Test) 
for Air Pre-Exposed Specimen (1149°C (2000°F)/100hrs) 





- ^ 


Etched - AG 21 200X 

Figure 32b Light Photomicrograph of Post-Burner Rig Microstructure (D2 Test) 
for Air Pre-Exposed Specimen (IHg^C (2100'’F)/100 hrs) After 215 
hrs at 1094^C (2000“F)/Short Cycle/Fast Heat-Up Rate 
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Etched - AG 21 200X 


Flqure 33a Light Photomicrograph of Pre-Burner Rig Microstructure 
Mgure Pre-Exposed Speclmee (lUg'C (2100-F)/40 hrs) 


(E2 Test) 



Etched - AG 21 200X 


Figure 33b Light Photomicrograph of Post-Burner Rig Microstructure <E2 Test) 
Figure ugrt^^ Pre-Exposed Specimen <II49-C <2l00-F>/40 hrs) After 39 hrs 

at 1094°C (2000°F)/Short Cycle/Slow Heat-Up Rate 
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Figure 34a Light Photomicrograph of Pre-Burner Rig Microstructure (FI Test) 
for Air Pre-Exposed Specimen (1149°C (2100“F)/40 hrs) 



Etched - AG 21 200X 


Figure 34b Light Photomicrograph of Post-Burner Rig Microstructure (FI 
for Air Pre-Exposed Specimen (1149"C (2100“F)/40 hrs) After 
at 2100°F/Long Cycle/Fast Heat-Rate 


Test) 
16 hrs 
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Etched - AG 21 200X 


Figure 


35a Light Photomicrograph of Pre-Burner Rig Microstructure (D1 Test) 
for Argon Pre-Exposed Specimen {llAg^C (2i00°F)/40 hrs) 



Etched - AG 21 200x 


Figure 35b Light Photomicrograph of Post-Burner Rig Microstructure (D1 Test) 
for Argon Pre-Exposed Specimens After 67 hrs at 1149°C 
(2100°F)/Short Cycle/Fast Heat-Up Rate 
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Etched - AG 21 200X 


Figure 36a Light Photomicrograph for Pre-Burner Rig Microstructure (n? Tocf^ 
for Argon Pre-Exposed Specimen (1094°C (2000“F)/100 hrs) ^ 



Etched - AG 21 200X 


Figure 36b Light Photomicrograph of Post Burner Rig Microstructure (D2 Test) 
for Argon Pre-Exposed Specimen (1094°C (2000°F)/100 hrs) After 708 
hrs at )094°C (2000°F) /Short Cycie/Fast Heat-Up Rate 
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black and white photograph 



Etched - AG 21 200X 


Figure 373i Light Photomicrograph 
for Argon Pre-Exposed 


for Pre-Burner Rig Microstructure 
Specimen (1194“C (2100°F)/40 hrs) 


(E Test) 



Etched - AG 21 200X 


Figure 37b Light Photomicrograph of Post Burner 
for Argon Pre-Exposed Specimen (1194 
Cycle/Slow Heat-Up Rate 


Rig Microstructure 
’C (2100°F)/40 hrs) 


(E Test) 
After Short 
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Etched - AG 21 200X 


Figure 38a Light Photomicrograph for Pre-Burner Rig Microstructure (F Test) 
for Argon Pre-Exposed Specimen (I194°C (2100“F)/40 hrs) 




Etched - AG 21 200X 


Figure 38b ^‘“"'crograph of Post Burner Rig Microstructure 

CycleJpast HeatTpate'^ 


(F Test) 
After Long 
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Figures 39 through 42 show ^5'3pg^^en5^°The^pos^ 

representative thin ceramic coated 3 ^Jbstrate interdiffusion layers 

ali show wide beta (NiAl) ^®P mi r restructures . This is attributed to the 

as compared with baseline ^?^t 9 i-ug.g specimens. Bond coat oxide 

greater exposure time ^0 0002 in) to 15.2 microns (0.0006 in) for 

thickness ranged from 5.1 lieat-up) and F (1149^C (2100”F). 

the D1 (1149"C (2100 F), short ’ respectively. Figures 43 through 46 

long cycle, fast crottructuris for r^esentative thick 

show the pre-test and structures shown in these figures show 

ceramic coated specimens^ T oxide qrowth and beta depletion as well as 

distinct differences in ^’^he%2 (1094“C (2000”F)/short cycle/fast 

the degree of beta phase coarsen g. larapr decree of beta phase 

SSit-u?) test specimen "I'-s recture The F (1H9-C 

coarsening as . t up) test specimen microstructure shows the 

(2100‘’F)/long cycle/fast Jeat-up) test P microstructure 

greatest oxide scale t ic (T 149 ”C (2100°F) /short cycle/slow heat-up) 

from the specimen in the ^ te^^ ( m deposition. No 

shows excessive in either the pre-test 

^prsf-rest^io^Sitirn^^^^o^^^^^^ microstructures which have 

been discussed in preceding paragraphs. 

X-ray Jifi^':act^on analyses for all ^repr^^^ monoclinic 

presented m Table XI. it ° , . . . ^hat for most cases 1 v/o 

^"ocH^icTase «rp«senl\d 3 aceht to the span and absent away fro™ the 
spalled location. 

1 . ’ « focf <;nprimen evaluation has shown that 

In summary, the comparativ p increased MCrAlY oxide scale thickness, 

increased f*P°TPre time resuts in. 1 ) "crease Kirkendail 

2) increased beta depletion and or coat-substrate 

void population and size occurring at t e 9 ^^ramic and 5) no gross 

interface, 4) no P''? namU A si U if^eir’from the post-test 

microstructural changes in the . oxidation has occurred for the 

tn™iyili‘in%-“t';'han‘?iJ m'mre'rapid cycle tests, even though total 

"hot" 1 i fe was similar . 
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Etched - AG 21 200x 


Figure 39b Light Photomicrograph of Post-Test Mi crostructure (D1 Test) for a 
Thin Ceramic Specimen After 243 hrs at 1194°C (2100“F)/Short 
Cycle/Fast Heat-Up Rate 
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Etched - AG 21 200X 

Figure 40a Light Photomicrograph of Pre-Test Microstructure (D2 Test) for a 
Thin Ceramic Specimen 



Etched - AG 21 200X 


Figure 40b Light Photomicrograph of Post-Test Microstructure (02 Test) for a 
Thin Ceramic Specimen After 492 hrs at 1094°C (2000“F)/Short 
Cycle/Fast Heat-Up Rate 
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Etched - AG 21 200X 

Figure 41a Light Photomicrograph of Pre-Test Microstructure (E Test) for a 
Thin Ceramic Specimen 



Etched - AG 21 200X 

Figure 41b Light Photomicrograph of Post Burner Rig Test Microstructure (E 
Test) for a Thin Ceramic Specimen After 162 hrs at 1149°C 
(2100“F)/Short Cycle/Slow Heat-Up Rate 
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Etched - AG 21 200X 

Figure 42a Light Photomicrograph of Pre-Test Microstructure (F Test) for a 
Thin Ceramic Specimen 



Etched - AG 21 200X 


Figure 42b Light Photomicrograph of Post Burner Rig Test 

(F Test) for Thin Ceramic Specimen After 116 hrs at 1149 C 
(2100°F)/Long Cycle/Fast Heat-Up Rate 
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Unetched 200x 

Figure 43a Light Photomicrograph of Post Burner Rig Test Microstructure 
iDl Test) for a Thick Ceramic Specimen 



Etched - AG 21 20OX 

Figure 43b Light Photomicrograph of Post Burner Rig Test Microstructure (D1 
Test) for a Thick Ceramic Specimen After 160 hrs at llAg^C 
(2100°F)/Short Cycle/Fast Heat-Up Rate 
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Unetched 200X 


Figure 44a Light Photomicrograph of Pre-Test Microstructure (D2 68 Test) 
Thick Ceramic Specimen 


for a 



A 


s 




Etched - AG 21 200X 


Figure 44b 


Light Photomicrograph of Post Burner Rig Test Microstructure (D2 
Test) for a Thick Ceramic Specimen After 454 hrs at 1149 C 
(2100°F)/Short Cycle/Fast Heat-Up Rate 
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Figure 45a Light Photomicrograph of Pre-Test Microstructure (E Test) fo, 
Thick Ceramic Specimen ^ 



Etched - AG 21 200X 

Figure 45b Light Photomicrograph of Post Burner Rig Test Microstructure 

9innor WC^ t Specimen After 121 hrs at 1149°C 

(2100 F)/Short Cycle/Slow Heat-Up Rate 



Etched - AG 21 200X 


Figure 46a Light Photomicrograph of Pre-Test Microstructure (F Test) for a 
Thick Ceramic Specimen 



Etched - AG 21 200X 


Fiqure 46b Light Photomicrograph of Post Burner 
(F Test) for Thick Ceramic Specimen 
(2100°F)/Long Cycle/Fast Heat-Up Rate 


Rig Test Microstructure 
After 54 hrs at 1 149°C 


ORIGINAL PAGL 
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TABLE XI 

X-RAY DIFFRACTION ANALYSIS OF SOME REPRESENTATIVE POST-TEST SPECIMENS 
Specimen/ ^ ^ 

Location 2 rO^ Tetragonal v/o Monoclinic Failure Time 

^ ^ ^<-02 (hours) 

n49»C (2100‘>F) Short Cycle, ~ 

Fast Hea t-Up Test (ni ) 


Basel ine 
Pre-test 


60-55 

(ao = 5.122 X 
10 ®cm) 

(5. 122A) 


40 45 Not detected 

(ao = 5.1172 X 
10 ®cm (5. 1 172A) 

Co= 5. 1646 X 
10 ®cm (5. 1646A) 


N/A 


Basel i ne : 
adjacent to spall 

60-65 

(ao = 5. 13263 
X 10 ’®cm 
(5. 13263A)) 

35-30 

5 

175 


180° from spall 

55-60 

(ao - 5.3575 x 
10 ®cm (5.3575A)) 

45-40 

] 



Air pre-exposed: 
adjacent to spall 

60-65 

(5.13907 x 10-»cm; 
(5. 13907A) 

35-30 

5 



180° from spall 

55-60 

(5.13910 X 10-»cm) 
(S.13910A) 

45-40 

Not detected 

50 


Thick ; 

adjacent to spall 

60-65 

(ao = 5.13762 X 
10 ®cm (5. 13762A) ) 

40-35 

Not detected 



adjacent to spall 
(other side) 

60-65 

(ao - 5.14152 X 
10 ®cm (5. 14125A) ) 

40-35 

-- 

104 


1H9°C (2100°F) Short 
Fast Heat-Up Test (D?) 

Cycle , 





Air pre-exposed: 
adjacent to spall 

65-70 

35-30 

1 

194 


Argon pre-exposed: 
adjacent to spall 

60-65 

35-30 

1 (Possibly mono 
clinic Zr 02 or 
hexagonal Y 2 O 3 ) 

679 


Thick ceramic: 
adjacent to spall 

50-70 

45-40 

Not detected 

443 


Thin ceramic: 
adjacent to spall 

50-55 

50-45 

Not detected 

557 

— 
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TABLE XI (continued) 

X-RAY DIFFRACTION ANALYSIS OF SOME REPRESENTATIVE POST-TEST SPECIMENS 


Specimen/ 

Location 


1H9®C (2100°F) Short Cycle, 

Slow Heat -^D ~^est ill 

Baseline: Away from Spall 60-65 

Qn:»npri Area 60-65 


V/O FCC V/C Tetragonal v/o Monoclinic Failurejime 

2r0z Zr 02 


40-35 

40-35 


Not detected 
1 


142 


Air Pre-Exposed: 

Away from Spall Area 

60-65 

40-35 

1 

18 

Spalled Area 

60-65 

40-35 

1 


Argon Pre-Exposed: 

60-65 

40-35 

Not detected 

142 

Away from Spall Area 


Spalled Area 

65-70 

35-30 

1 


Thick: Away from Spall 

55-60 

45-40 

Not detected 

121 

Spalled Area 

60-65 

40-35 

1 


Thin: Away from Spall 

55-60 

45-40 

Not detected 

121 


60-65 

40-35 

Not detected 


Spalled Area 



1149®C (2100®F) Short Cycle, 




Fast Heat -no Test (F) 
Baseline: Away from Spall 

55-60 

45-40 

Not detected 

98 

Spalled Area 

65-70 

35-30 

1 


Air Pre-Exposed: 

55-60 

45-40 

Not detected 

18 

Away from Spall Area 


Spalled Area 

60-65 

40-35 

1 



Argon Pre-Exposed: 

55-60 

45-40 

Not detected 

102 

Away from Spall Area 


Spalled Area 

60-65 

40-35 

1 



Thick: Away from Spall 

55-60 

45-40 

Not detected 

64 

Spalled Area 

65-70 

35-30 

1 



Thin: Away from Spall 

55-60 

45-40 

Not detected 

122 

Spalled Area 

60-65 

40-35 

1 
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3.1 .2.2.3 


Eli£iional_ixBgs_ure Burner Rig TPst Results 


and accumulation of 

various fractions of spa 11 1 nq 1 1 fp 7hP^nn ^ exposure for 

of test bars for various fract ons’of H fP^I^m^ ' exposure 
(2100“F)/short cycle/fast hLt tLl rn the D 1 (H49“C 

conducted. The first set provided a^hrnprt^c^*'® series of tests 

»ith the specimens being e^po e ^o^^pp?o la“te ‘Jr°“9hout life, 

average D1 test life (IfiO honro tk„ decile fractions of the 

1 ife fractions , 
range of 58X - 


1 1 fe 
w1 th 
OOX. 


(lao hones). The second set focused' 'c'losel » 
the specimens being exposed at life fractions In 


on high 
the 


heat-uprcondU?ons' Ar? ea?t'^onTspL^•Ien wIs^tL^e^ Jo"?’ • 

each exposure. In the first group the rni^trn?^ fractions represented by 
the D1 test average. In the L?ond ar^rn?! to 

exact; two specimens exceeded the D? ha^Piinl^ fraction estimates were less 
failed at 130% of the avera%. suggesHno p^^ ^P^cimen 

slightly. As calculated by the preliminarv shifted 

succeeding sections, the 30% shift In life for Groim^TT^^" discussed In 

correspond to a temperature shift of lo’ tImp J specimens would 
calculated life fractions. The fir?t . h.IfS li 

1149-C (2100“F) and the Lcond iJ h^cln ^ on the nominal 180 hour life at 
reference bar in the Group l/test. ^ observed failure life of the 

sub™lnp%rlcMn\”\"rearlfar20*3rperc^n?^ incipient/ 

frac’nons sugg^rrjJIrcefamic'lp*;;??^^^^ SdccessWei; ^:?rea^'U'nfe 

of adjacent subcritical crack^ as ipno eS P''°9ressi»e Ilnk^np 

dominant crack. Quantitative measurement of ^ single ^ 

progressive increase with 1 ncreL 1 nTpvL? shows a 

contain cracks on the order of 0 OS^o^ns J^oung" specimens, (c30%) 

exposure times yield average crack ^ of ’<^'^9er 

The number of cracks also appears\o increls^i^t^ ^ (0.006-0.010 in.), 

specimens, (>60%) show 1 aro^i <:nl JpH ^ exposure time. "Old" 

in ), together with shorter 0.05-0.08 mm (O^OoLo^OO?''^^'^>°^ (0.0125 

oldost unfailGd spGcImpn (Q07 ovn/^ci \ 0.003 in.) cracks. ThG 

0.97 mm (38 mils) long and ' some "o. I lo. [sm^Tool'o'SrfnTcrX 

stgn?nca%rinnl?rSrox?da'E^^^^^^^^ 

accumulation, substantial effort LThI ? ! ! coating "damage" 
relationship between c p enTcrac i o'^^^^^^^ investigation of the 

observed ceramic crack^’ o cu d pa " ,Ll of 

0.001-0.002 in.) above the z1rconirl?dP a! and about 0.03-0.05 mm 
linkage between cracks and oxide WhHe seaman! obvious 

-^-^ip^rErjE^EEErcL^EVdE; cl^^? 

conclusion bbat tbis is not tbe^mEj^" -<le‘ " c'EEcVUEilEEtt'Eb^ cecamic 
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Uyer. It is interesting to note that e»«1es of 

were easier to find In older j longer cracks which appeared to 

together with larger numbers observation could suggest that the 

‘^^a;:t^LTa.;'rr;n^:^n???:redrar,;^rnf^ ana appear to he Isolated 
from the 1 nterf ace . 


TABLE XII nrC.IITC 
ruarTinNAl EXPOSURE TEST (Condition G) RESULTS 
(1149°C ( 2100 °F)/Short Cycle/Fast Heat-Up Rate) 


Specimen 

Identification 

Number 


Total 

Test 

Hours (TTH) 


(TTH/180 X 100) 


Percent Life 


KTTH/235 X 100) 


GROUP I 

214 

215 

216 

217 

218 

219 

220 
221 
227 

223 

224 

225 


15 

30 

45 

60 

75 

90 

105 

120 

135 

150 

165 

180 


8 % 

17 % 

25% 

33% 

42% 

50% 

58% 

67% 

75% 

83% 

92 % 

100% Failed 


GROUP II 


290 

292 

296 

297 

298 

299 

300 

301 
303 

302 


136 

143 

145 

151 

171 

174 

177 

180 

215 

235 


76% 

80% 

81% 

84% 

95% 

97% 

98% 

100 % 

120 % 

130% 


58% 

61% 

62% 

64% 

73% 

74% 

75% 

77% 

91 % 

100% - Failed 
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Figure 47 Thermal Barrier Coating Damage Progression (200X) 
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66.6% (120 hrs) 
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Figure 47 (Conti 


scanain, electron «cro,raphs of typical fp'i^rn el'pose^ 

ETkrr.rifi": 

cracking in the bond coat oxide ^ ^jeptly showed this type of layered 

specin’ens with .ore oxide in general, not 

type cracking within the seen in Figure 47. Figure 49 

associated with the major subcriti cal cracks are 

shows the BSI for the spec men exposed [°;J.°^^J/Ebond coat asperity Figure 
observed to extend from either edge ^ P. ,35 hours. This figure also 

T:Zt the BSI for the speech ho ^ 

-“^^„;fhrerJ;5",n^lhf hr„rcoat’o«lde. 

Another interesting structural feature^obserj^^^^^^^ 

apparent increase m the ? ^on of this porosity indicates that it 

^n^arttfact^'^esulUn; "rom pull-out in ^ of the 

t"nherent feaure of the ^‘hh'ture is^apparenj^^,ncje_^^^^^ -weakehed" n 

ceramic to pull-out * appears that the suggested "®J''-'hterface 

the vicinity of the interface. PP nroaressive increase of localized 
weakening may metal lographi c studies are 

rerulrerio“fur:;rr°rnrestfgate ?h,s phenomenon. 

3 ] 2.3 Cyclic Hot Corrosji ^n_J^e_sj^ 

This subtask «as designed faiirrl^mecLnTS'^anrprouided test 

corrosion as a ‘herma banner oatingjailure^^^^ developed. N, 

data from which a hi ah^corrodent level and six specimens were 

:rpolrd"toTlor?rrodent levll. Twenty additional specimens were 

Tosed to various cyclic life fractions. 

Tbe test method Involved ducted burner t '. 9 testing lere^conducted 

jo ma'Ul“ the potential for 'Tpa^tjarfactoriai test program 

with a surface temperature of 8 -_,tt, 4-ion failure was conducted at a hig 

Ts shown in Figure 52. Testing to ^Pf ondi tion "H- in Figure 52) and at 
corrodent level (35 ppm synthetic ’ -|,. identified as "J" in Figure 

Tlow^r corrodent level (10 ppm ^Vf^thetic sea salt accumulation of 
52 TO provide information ^t^ identtfied as "K" in Figure 

Lt’corrosion damage, a exposed to decile fractions of 

52 also, was conducted. In this ^e^t. specimen P metal lographicaly 

the high corrodent level hot which cause thermal 

to identify and iure Two specimens were cycled to ° . 

barrier coating hot -ny 507 607. 707., 807., and 907. fractions 

rrarcyclic failure life de^ ,^ter 1000 hrs of 

specimens were cycled to 100/. of the 
exposure no failures occurred. 


i ne 
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85-196 200X 



85-196 


500X 

Figure 48 

Back Scatter Image of Thermal Barrier Coating After 90 
Burner Rig Test Time 1149“C (2100“F)/Short Cycle/Fast 

Hours of 
Heat-Up Rate 
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black and white photograph 




Figure 49 


Back Scatter Image of Thermal Barrier Coating After 105 Hours of 
Burner Rig Test Time at 1149“C <2100°F)/Short Cycle/Fast Heat-Up 
Rate 
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Back Scatter Image of Thermal Barrier Coating After 105 
Burner Rig Test Time at 1149°C (2100°F)/Short Cycle/Fas 
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LOW 

CORROOANT 
LEVEL, 10 PPM 

HIGH 

CORROOANT 
LEVEL, 35 PPM 

CYCLE TO 

failure 

0 

J 

© 

H 

FRACTIONAL 

EXPOSURE 


a 

— 

K 


Figure 52 Task I Hot Corrosion Test Prog 
3. 1.2. 3.1 Corrodent LeveJ_Tp^r Results 


ram 


RGsults of the high corrodent level test (figg^r 

sea salt. I. 3 XSO 3 , 1 hour cycle (5 minutes in tip ^ ftificial 

are summarized in Table XIII These ri^ult. Znl minutes FAC)) 

five specimens failing between 

surviving to 1000 hours, .hen testing was terJnaUd l??h'Vf1nu?e 

falfur'efocc'urred weli 'aL'e"fhr«™?c Iel!lr"!“r I" 

Of ceramic remaining adherent Small visual Iv amounts 

as testing continued untirdiscre? na chP ^rew in length 

favoring leading edge locations. ceramic spalled around the bar, 

siecimen^tes?efi 93 "and^^ 000 ^^^^^ pre-test and post-test mi crost-uctures of 

erasing 

™u":^uc^u;^fo^a ”s?1Lh°“ e 

level test (Condition H), The EMP resE?^^ IrsEeE ?°“EE corrodent 

Show the infiltration of sodium and sJu^ Vn 

Er«diurL*d'EEl?EJ°?nlEc^uEErEr"efrI?*‘’°"' ll"''" confirmed infiltration 
out the thickness of the ceramk^cEEtiEo """'ocracMng through- 

increased infiltrant concEEkaHoE ?n JE' c<P°sure time shows 

synthetic sea salt as MgCI , (see Tahle*5iut Hepnesium, contained In 

the zirconia layer EEt waJVEEnE cEn Enk!kd“E? 

ceramic/bond coat interface As shown in ^5/ oxide layer between the 

and Mg may suggest the p“Eom^EaEEE"Ef 'JhE'^EE^Et^EEXrMg^i:?! 

COTTOdeKt'wE/tEEt EpEEtTOnT(cOTditioE hT J!‘=r«5P'’‘atlve post test high 
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CYCLIC HOT CORROSION TEST RESU^^^Condltlon H) 

(1650”F/Lotig Cycle/SSppn. Artificial Sea Salt/1.3% SO 3 I 


Fai 1 ure Time (Hrs) 


693 

693 

638 

615 

450 


Avg =618 


1000 No Failure 

1000 Observed 

1000 



Figure 53 


Cyclic Hot Corrosion Test Specimen Showing Multi-Level Flaking of 
the Ceramic 
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Figure 54a Pre-Test Hot Corrosion Test Specimen; 35 ppm Artificial Sea Salt/ 
899°C (1650°F)/1 Hour Cycle 





Figure 54b Post-Test Hot Corrosion Test Specimen Showing In-Plane Ceramic 

Cracking in Central and Upper Portions of Ceramic Layer After 693 
hrs at 35 ppm Artificial Sea Salt/899°C (leSO^F)/! Hour Cycle 
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V 






Figure 55a Pre-Test Hot Corrosion Test Specimen; 35 ppm Artificial Sea 
Salt/899°C (1650”F)/1 Hour Cycle 





Figure 55b Post-Test Hot Corrosion Test Specimen After 1000 hrs at 35 ppm 
Artificial Sea Salt/899“C (1650“F)/1 Hour Cycle 
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a) BEI 


300X 



b) BEI Detailed Image Of Outer Surface Of 
Coating 


lOOOX 


Figure 57 Cyclic Hot Corrosion Test Specimen After 450 Hrs at 899°C (1650 F). 
High 35 ppm Corrodent Level in Area Near Failure. 
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c) Na X-Ray Map 


lOOOX 



Figure 57 (Continued) 
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TABLE XIV 

ARTIFICIAL SEA SALT COMPOSITION 


NaCl 

58.4% 

MgCl 2 

26.4 

N32S04 

9.7 

CaCl 2 

2.7 

KC1 

1 .6 

NaHC 03 

.4 

KBr 

.23 

H 3 BO 3 

.07 

SrCl 2 

.09 

Na F 

.007 


TABLE XV 

X-RAY DIFFRACTION ANALYSIS FOR SOME REPRESENTATIVE CYCLIC 
HOT CORROSION POST-TEST SPECIMENS 
(High Corrodent Level) 


Specimen/ 

Location 

v/o fee 
Zr 02 

v/o Tetragonal 
Zr 02 

v/o Monoclinic 
Zr 02 

Other 

Failure 
Time (hrs) 

(HST #086) 
Spalled Area 

60-65 

35-40 

5 

1 v/o 

Unidentified 

450 

(HST #088) 
Spal led 
Area 

50 

25-35 

15-10 

10 v/o fee and 
/or MgO 1 v/o 
orthorhombic 
NiCr 04 

615 

(HST #091) 

Spalled 

Area 

45-50 

45-50 

10 

1 v/o fee NiO, 
MgO and/or 
Ca 2 Si 04 

693 


3 j .2.3.2 Low Corrodent Level Te s t R gsuj_^ 


inw rorrnrient level test (Condition J) 10 ppm artificial sea salt, 1.3% 
Terminated aft-r c^^^ 1000 hrs of test time, with none of the 

"fixer 


The 

SO, 

six 
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HST-125 Leading Edge 2.5X 

Figure 59 Light Photomacrograph of Test Specimen After 1000 hrs at 899“C 
(1650°F)/ Long Cycle/10 ppm Synthetic Sea Salt/1. 3% SO 3 - 
Condition J 


Electron microprobe analysis conducted on the cross-sectional microstructure 
or an unfailed low corrodent level specimen indicated less corrodent 

corrodent level specimens. As seen in Figures 
mi ^ levels of Na and S were detected in areas of porosity and 

m crocracking. Magnesium was detected not only within pores and cracks but 
also at the ceramic-bond coat interface. It appears that this element is in 
the form of an oxide and at the interface forms spinel; MgAlzO^, as shown 
in Figures 61a through 61d. . y 2 4 , 

Table XVI presents X-ray diffraction data for two representative low corrodent 
level samples. The phase distribution as shown is not consistent for these two 
specimens exposed for the same length of time. It was observed that for at 
least one specimen, a high v/o monoclinic ZrOz (20-25 v/o) was detected. 

3-1-2.3.3 Fractional Exposure Hot Corrosion Test Results 

/ 1 ccnorN exposure corrosion test K (35ppm artificial sea salt 899°C 
(1650 F). long cycle) was terminated with over 1000 hours of test time 
accumulated. Two of the twenty specimens planned for this test were to be 
reference specimens taken to failure to confirm the previously determined 

artificial sea salt, long cycle, 

1-2 ® specimens were to be tested to decile fractions 

of this life. However, these two specimens did not fail after over 1000 hours 
or testing and, in accordance with the Statement of Work, this test was 
terminated. Thus, there is an uncertainty as to the actual life fractions of 
the eighteen specimens evaluated. 
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Specimen/ 

Exposure 

Time 


HST 113/ 
1000 hrs 


HST 131/ 
1000 hrs 


<-RAY DIFFRAaiON WLYSES 


v/o 

FCC 

Zr02 


42-45 


v/o 

Tetragonal 
Zr02 


v/o 

Monoclinic 

Zr02 


32-35 


30-35 


25-20 


25-20 


v/o 

Other 


10-7 fee NiCr 204 and/or ^ 1^6204 
spinel), 5 fee NiO and and/or MgO, 3 1 
hLagonal NiS,2-l bee Y20^,l 
gonal Ti 02 , and possibly 1 hexagonal 

- AI2O3 

5 fee NiFe 204 and/or NiFe 204 (spinel), 
5 hexagonal NiS, 10-15 fee 
(Fe,Ni)S 2 


Post-test metal lographic 

exposed to each fraction ^ ^ specimens exposed to the estimated 

typical post-test microstructures for sp standard procedures 

107.-907. of TBC life^ ^^h^Li ? s'hi no slurry replaced water to 

except that an oil-based polishing ^ . analysis was conducted to 

of infiltrated corrodent. ^^tionally exposed specimen metallography 

?or subcritical crack developmet^ Fractionally ^e^P 

showed some accumulated _re noted above the "typical failure 

cracks with several minor Figure 62i has several smaller 

location. Note that the P „ the interface in comparison with the 

extensions. Also, this crack ^ Figure 62h shows what may be 

;:i:?-ortL‘?»t^fn;paSc^orrrpI:s^:ho: FeR.e„tatio„ cracMn, w.,ch 

H^^thSuR^toTare developed during exposure. 

The results of the X-ray "?’f/Ipprrert%S'the"dlta that 

-rrl::rd :7poru?rtt^e;"sJ:S’tn?l!lise5*y/o Zoenme ZrO„ 
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Figure 62a Post-Test Fractional (10% Life) Hot Corrosion Specimen 
Microstructure, 65 hrs/899°C (1650“F)/35 ppm Na.SO, 



/ 


2U0X 


Figure 62b Post-Test Fractional (20% Life) Hot Corrosion Specimen 
Microstructure, 130 hrs/899“C (1650“F)/35 ppm NazSOa 


Figure 62c 


Post-Test Fractional (307, Life) Hot Corrosion Specimen 
Microstructure, 185 hrs/899»C (1650“F)/35 ppm NazSOa 



200X 


Figure 


62d Post-Test Fractional (407, Life) Hot Corrosion Specimen 
Microstructure, 250 hrs/899“C (1650“F)/35 ppm Na^SO, 
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Fi 


gure 62e Post-Test Fractional 
Microstructure, 315 


(50°/£. Life) Hot Corrosion Specimen 
hrs/899“C (1650“F)/35 ppm Nd 2 S 04 



200X 


Figure 62f Post-Test Fractional (60“/o Life) Hot Corrosion Specimen 
Microstructure, 380 hrs/899°C (1650"F)/35 ppm Na^SO^ 
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black and NNN\T£ P 



200X 


Figure 62g 


Post-Test Fractional <70T. Life) Hot Corrosion Specimen 
mLostructure, 445 hrs)899*C (\650-F>/35 ppm NaaSO. 



2U0X 


Figure 62h ^50. 
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Figure 62i Post-Test Fractional (90% Life) Hot Corrosion Specimen 
Microstructure, 575 hrs/899“C (1650“F)/35 ppm N^So! 


Ih! the fractionally exposed specimens (10% - 90%) removed from 

the test showed a minimum of 5 v/o monoclinic ZrOj for smaller fractions of 
exposure and up to 9 v/o monoclinic ZrO. for higher fract?o ro^e posu e 
This result is consistent with earlier suggestions of ther^chemi cal 
nteraction of the corrodent with the ceramic (Ref. 30, 34 35 36 ) i p 
selective leaching" of Y 2 O 3 by the corrodent. ' ' • • 

In summary the results of the contaminated fuel burner riq test rondurtpH 
is extremely spall resistant in hot orro^ore„“ro me s 
When TBC failure did occur (only in high corrodent level testina) thp ?Sr 
failure mode consisted of multilevel flaking of the ceramic Th^s’mt^n! 

hIcJIk 1 - selective leaching of Y^O, causina 

(Ref. 35, 36). Although the latter is occu?r ng the?e seems 
to be no correlation to actual failure life. However, failure life of thf 
ceramic is most probably governed by the interaction of the e wo mechanisms 
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3-1-3 Task IB.2 Determine Ph ys 1 cal /Mechani cal Properties 

The purpose of this subtask was to measure values of physical and mechanical 
properties required for subsequent analytical and life modeling. Measured 
physical properties include thermal conductivity, specific heat and thermal 
expansion of bulk porous zirconia and dense NiCoCrAlY specimens fabricated to 
simulate structures found in the respective TBC coating layers. Mechanical 
tests were conducted only on bulk porous zirconia and included fracture 
toughness, uniaxial tension and compression, tensile and compressive creep 
and derived tensile fatigue in the range of ambient to 1204°C (2200°F) All 
needed base alloy properties and mechanical properties of the metallic coating 
were available from prior internally funded programs and were not remeasured 
in this program. All physical property testing was conducted by Dynatech 
Corporation, Cambridge, Mass. With the exception of an ambient temperature 
four point bend test conducted early in the program to gain needed preliminary 
insight into basic ceramic constitutive behavior, all mechanical property 
tests were conducted at Southwest Research Institute, San Antonio Texas 


Bulk ceramic and metallic property test specimens were fabricated by plasma 
deposition using the same parameters as used to make the respective TBC 
coating layer. Coating thickness of up to 1.27cm (0.5") were accumulated on 
mi Idsteel panels and then the test specimens were machined off and ground to 
required dimensions. Shown in Figure 63 is a bulk ceramic specimen 
microstructure which can clearly be seen to quite closely simulate the 
microstructure of the 0.25mm (0.010 in.) ceramic coating. 



200X 


Figure 63 Bulk Ceramic Microstructure Used for Physical/Mechanical Property 
Tests 
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3 . 1 . 3 . 1 Physical Property Tests 

Procedures used by Dynatech to measure physical properties are summarized in 
Appendix D. Specific numbers of physical tests 

temperature ranges investigated are summarized in Table XVIII. Results of 
these tests are presented in Tables XIX through XXIV. 


TABLE XVIII 

COATING PROPERTY TESTS 

Cerami c Bond Coat 

(Bulk Specimen) (Bulk Specimen) 


o Thermal 

Conductivity 

o Thermal Expansion 

o Specific Heat 


3 Tests: 538°C (1000'’F), 

87rC (1600°F), IHg^C 
(2100“F) 

2 Tests: 538“C (1000°F), 

1149°C ( 2100 “F) 

3 Tests: 538“C (1000'*F), 

87TC (1600°F), 1149°C 
(2100“F) 


3 Tests: 538°C ( 1000 “F), 

87TC (1600°F), 1149°C 
( 2100 ‘’F) 

2 Tests: 538“C (1000°F), 

1149°C (2100°F) 

3 Tests: 538°C ( 1000 "F), 

871°C (1600°F), 1149'’C 
(2100“F) 


TABLE XIX 

THERMAL CONDUCTIVITY OF 7 w/o Y2O3 -Zr02 


Temperature 

(°C/°F) 


Thermal Conductivity _ 
TWmin (Btu in/hr 7t2°F) 


538/1000 0.645 

871/1600 0.675 

1100/2012 0.660 

*The accuracy of these measurements ranges from +8-10% and, therefore, the 
apparent peak at 817°C (1600°F) is not considered to be significant. This 
judgment is based in part on previous work done at Dynatech for Pratt & 
Whitney, which showed no thermal conductivity peaks at intermediate 
temperatures. 


4.47 

4.68* 

4.58 


TABLE XX 

SPECIFIC HEAT OF 7 w/o Y 2 O 3 -ZrOz 


Temperature 

(°C/°F) 


Specific Heat 
cal /g*C 

( 3 /g »0 (Btu/lb °F) 


538/1000 

871/1600 

1149/2100 


0.582 

0.593 

0.603 


0.139 

0.142 

0.144 



TABLE XXI 

THERMAL EXPANSION OF 7 w/o Y 2 O 3 -Zr 02 




Coefficient of* 
Thermal Exp ansion 
X lO^T^l') — 


25/77 

100/212 

200/392 

300/572 

400/752 

500/932 

600/1112 

700/1292 

800/1472 

900/1652 

1000/1832 

1100/2012 

1175/2147 


0 

7.26 

17.53 

27.00 

36.39 

45.77 

56.25 

66.72 

77.64 

89.15 

100.82 

110.64 

116.12 


9.68 

10.02 

9.82 

9.70 

9.64 

9.78 

9.88 

10.02 

10.19 

10.34 

10.29 

10.10 


*flverage-from ambient temperature to temperature indicated 


TABLE XXII 

the thermal conductivity of NiCoCrAlY 


Sample thickness = 9.47mm (.373 inch) 


Temperature 
" (°C/°F) 


Thermal C onductivity 
(WTiiiin rtJtu in/hr ft^°F) 


538/1 000 
871/1600 
1100/2012 


20.5 

24.3 

34.2 


142 

168 

237 


TABLE XXIII 

THE SPECIFIC HEAT OF NiCoCrAlY 


Temperature 

(“C/“F) 


Specific Heat 
(J/G“C) (Btu/lb “F) 


538/1000 

871/1600 

1149/2100 


0.628 

0.674 

0.712 


.150 

.161 

.170 



TABLE XXIV 





THERMAL EXPANSION OF 

NiCoCrAlY 





Coefficient 

of 



Thermal Expansion 

Temoerature 

(°C/”F) 

Thermal Expansion 
TE X lO-* 

[i/^ci/n/ 

xlO® 

*F] 

Z5I77 

0 

2.56 

22.17 

36.83 

52.38 

67.53 

85.15 
104.62 
126.27 

148.15 
168.72 
191.13 
202.02 

12.75 

/ 

6.94 

100/212 

12.67 

/ 

7.03 

200/392 

13.39 

/ 

7.40 

300/572 

13.97 

/ 

7.76 

400/752 

14.22 

/ 

7.90 

500/932 

14.81 

/ 

8.23 

600/1112 

15.5 

/ 

8.60 

700/1292 

16.29 

/ 

9.05 

800/1472 

16.93 

/ 

9.41 

900/1652 

17.30 

/ 

9.60 

1000/1832 

17.78 

/ 

9.87 

1100/2012 

1175/2150 

17.96 

/ 

9.97 


3 1.3.2 Prelin^inary Mechanical Testing 


AS mentioned 

was conducted at the United Techno g tolerant ceramic. The geometry of 

into the constitutive behavior of the str^ ce a 

the test specimen is ’ ^ ^ using classi^l elastic bending 

stress (calculated from ^PP foncilp strain (measured by bonded strain gage) 

relationships) vs. fiber tens est^^^^ dramatically 

is shown in Figure 65a. The stres ^o„„pratiire behavior typically observed 
from the completely elastic ^"’^lent temperature^b^^^^^^ Serant ceramic 

for fully dense structural ceramic materials^ The^m^ 

deformation appears to be stress-strain curve. Unloading 

clearly definable inear eat rubsUntUl permanent offset with 

rrrrab^r^icJo^rlrMng T^he tensile side jdicating that the curvature 
seen in Figure 65a represents truly inelastic behavio . 

^ cinnifirant inelastic deformation, the ultimate 
Despite the occurrence of s g strain tolerant ceramic are quite low, 

strength and fracure strain ^ ^e material also Is highly 

47.6 MPa (6.9 of 4 Ox 0 MPa {5.8»10‘ psi). Measurements 

:;rtipiror?e:t:5’nr 

deposited ceramic (Figure 65b). 


110 




(inches) 

ur Point Bend Specimen Geometry 



STRAIN, % 


oint Bend Test Results 

^2 


Tor Bulk Plasma 


111 





lOOOX 


Figure 65b Fracture Surface of Four Point Bend Test Specimen 
3 . 1 . 3 . 3 Southwest R eseaxch Jnstitute_ Hechanl cal Te vLFl°aF?!!! 

is:t”^e;boirinrr's5;?r::e"effred;jn3 

were conducted with the primary loading axis in tne piane u 
structure . 

uniaxial compression tests were °;/,i’S^d'pa«nel'al™^ 

67) loaded along the cylinder axis ^ (Figure 68). 

j-3irFrrsorp^rd)^raractt;i:arerA^^ ‘°„^\reiin^sts^?e?i“^r 

actuator shaft at a ^“"Stant a p Displacement was measured to an 

cJf - j^ptisrcrja^bJit-rn^^r 

rtfi"n^d"rra:hi:ftTem^e?ature ---'"^„,Jltrh;i:irsieJ,men. A 

^S^r^rioJ^^ct^d the appropriau 

recorded displacement. Alignment of resulting height variation around 

deforming aluminum rodlets measuring the resuim^^ 

the circumference; this variation graphite 

Compression specimens of^the susceptor, a water cooled 

susceptor. To prevent rapid dete i ^ed over the specimen and flooded 

copper jacket with a viewing p v^as determined from the averaged 

with Argon gas (Figure 69). , ^^SdiaJent to the opposing loading plattens. 

output of two thermocouples located adaacent to tne oppos g 
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Test Temperature 
Test Type 

Stress-Straf n Response Test 
Tension 
Compression 

Creep/Stress Rupture Test 
Tension 
Compression 


Number of Tests Planned (Conducted ) 

I I 1800“F I 2000“F I 2200“F 

— ^ 982°C 1093°C 1 204°C 


Fatigue (Wafer) Test 


Fracture Toughness 


3(5) 3(5) 


2 ( 2 ) 2 ( 2 ) 


Figure 66 Mechanical Property Test Plan for Bulk Ceramic 


.312 CM 
(.123 IN) 



.635 CM 
(.250 IN) 


Figure 67 Compression Specimen 


3 
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Figure 69 Test Rig 


at room temperature A s?at?C D e Lri?™ at"' t ‘° 

sect;.»u.out appncat‘rn/nr:?rL"rtr:traTtrtpeiaV^:t?‘ortt’tre^ 


315 /^A All Dimensions Shown in cm (inches) 

.312 (-^ 23 ^ 


0.64 



Figure 70 Tensile Specimen Geometry 


Fracture toughness was measured by single edoe nnt-rhinn i-ho <- -i 
to a depth of about 0.5 mm (0.020 in. ) using a r2fmr(0 U ?n' 

H5r3:sr.rKt 

DeSalvo, (Ref. 39: on Figi^e 73 thU ^^^’^en. and 

with a low level of tensi^e loa ina n hf a biaxial stress state 

the compression axis (Figure 73) For materfa^^cnrh^^^ perpendicular to 
tensile strength is substantially ess ?hL fh! . ceramics where the 

failure will occur in the center^ the disk^t fn^Hs^^r^ strength, tensile 
strength of the material. Brryrl?r.fi! VJ.m- ^ compressive 

fatigue testing was conducted on the rerrimi r ' specimen, tension-tension 

(0.1) to maintain the specimen firmly between the^anvilwt all’lllL^ 
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Figure 71 Tensile Test Apparatus 


All Dimensions Shown in cm (Inches) 
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Figure 72 Wafer Specimen 






a Diametral Compression Specimen 



c Fatigue Stress Cycle; Repeated Stress 



» Stress OlstrtbMion for Tr.„s..rse„ loaoeo o 


rigure 73 Fatigue Stress Cycle 
3. 1.3. 3.1 SHRI Test Results 
Results of mechanical Drooertv tocfc 

Stress-strain and creep serves for eacP t^T^r'el'ciJdef 
The most significant result of these nronertv tocf ■ 

non-hnear deformation behavior observed^in fhf confirmation of the 

preliminary bend testing. Shown in Man^P Previously discussed 

stress-strain curve generated from the str,ain ^ ^ temperature tensile 
specimen mentioned earlier. As with the nrpv?r^?*'i calibration 
strain tolerant ceramic exhibits nrm_H ^ ®viously discussed bend test the 

the loading history. Because of thi s'non^l inear°S^’°" throughout 

define an "elastic modulus"; "in1ti-al sJiffnPs^'- difficult to 

are graphical estimates of the tangent to th! !!- ^ in Table XXVI, 

load. Because elevated temperature^stiffLJ?^ stress strain curve near zero 
displacement, some caution must be used in ? based on crosshead 

of the precautions taken in testina tn^m ni ^ despite all 

effects. For example, the slight unward m seating and machine compliance 
of »ost of the e'evaied Lmie?aLr?„?ve p'^tlo” 

has been ignored in measurement of initial slopes ^ artifact and 
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TABLE XXV 

UNIAXIAL COMPRESSION PROPERTY TEST DATA 

Ultimate Strain Stiffness 

!5r„;rfUatlon ^Jltnre ^nr£;, Ultimate Fracture ^ 

Number L v r ^ 


-2-CP-27-1 

871 

1191 

(1600) 

(2175) 

303 

198 

(44.0) 

(28.7) 


-2-CP-27-11 

538 

(1000) 

376 

(54.6) 

2.61 

-2-CP-27-3 

871 

(1600) 

274 

(39.7) 

1 .90 

-2-CP-27-2 

1204 

(2200) 

218 

(31 .6) 

3.54 

-2-CP-27-4 

1202 

(2196) 

273 

(39.6) 

4.32 





TABLE 

XXVI 


2.46 
2.61 
1 .90 
4.38 
5.14 


11.31 
21 .72 

13.51 

12.41 

13.44 

10.34 


(1.64) 

(3.15) 

(1 .96) 

(1 .80) 

(1.95) 

(1 .50) 


TEST DATA 


Specimen 

Identification Temperature 


Test 


Initial 

Stiffness, 


lempei atui c - - 

OQ (“F) Gpa PSI X 10 ) 


Ultimate 
Tensile 
Strength 
MPa (Ksi) 


Apparent’ 
Failure 
Strain, t 


EC-1 

24 

TT5) T979^ 

(2.90) 

1.350 

(3.08) 

0.196" 

EC- 2 

538 

(1000) 21 .24 

(3.08) 

1 .089 

(2.65) 

0.158 

EC- 10 

538 

(1000) Data Unavailable 


(2.60) 

Data Una 

CP-24 

538 

(1000) 43.51 

(6.31) 

0.386 

(2.58) 

0.056 

CP- 13 

871 

(1600) 43.51 

(6.31) 

0.531 

(2.58) 

0.077 

CP-14 

871 

(1600) 12.41 

(1.80) 

1 .950 

(2.68) 

0.283 

CP-21 

1094 

(2000) 21 .24 

(3.08) 

1 .481 

(3.08) 

0.215 

CP-23 

1094 

(2000) 25.72 

(3.73) 

1 .295 

(3.18) 

0.188 

EC- 4 

1204 

(2200) 27.65 

(4.01) 

2.039 

(2.45) 

0.296 

EC-5 

1204 

(2200) 27.65 

(4.01) 

1.826 

(2.32) 

0.265 

' Except as noted, measured from crosshead 

displacement at 

failure. 

compensated for machine stiffness 




* Measured 

from 

strain gage 





^ Tangent 

slope 

at zero load 



. 
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TABLE XXVII 

COMPRESSION-CREEP PROPERTY TEST DATA 
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Minimum Creep Rate 


TABLE XXIX 

FATIGUE PROPERTY TEST DATA 


Specimen Test 
Identification Mode 
Number Mode 


Test 

Temperature 
«C (F°) 


Maximum 
Applied Stress 
MPa (ksi) R 


Number 

of 

Cycles 


-2-CP-26-2 

Fatigue 

538 (1000) 

17.2 

(2.5) 

0.1 

20,000 

No Failure 

-2-CP-26-2* 

"Tensile" 

538 (1000) 

23.4 

(3.4) 

— 

1/4 


2CP-26-5 

Fatigue 

538 (1000) 

17.9 

(2.6) 

0.1 

307 


2-CP-26-3 

Fatigue 

538 (1000) 

18.6 

(2.7) 

0.1 

410 


-2-CP-26-4 

Fatigue 

538 (1000) 

18.6 

(2.7) 

0.1 

195 


-2-CP-25-2 

Fatigue 

871 (1600) 

14.6 

18.4 

(2.12) 

(2.67) 

0.1 

0.1 

60,000 

10,000 

Same 




20.2 

(2.93) 

0.1 

10,452 

Specimen 




21.7 

(3.15) 

0.1 

11 ,000 

No Failure 




22.7 

(3.3) 

0.1 

10,050 


2 CP-25-5 

Fatigue 

871 (1600) 

18.2 

(2.64) 

0.1 

407 


2-CP-26-1 

Fatigue 

871 (1600) 

18.2 

(2.64) 

0.1 

158 


2-CP-25-1 

"Tensile” 

871 (1600) 

22.0 

(3.2) 

--- 

1/4 


? CP-25-3 

"Tensile" 

871 (1600) 

22.7 

(3.3) 

— 

1/4 


'Specimen uploaded to failure 


Specimen 
Identi f ication 
Number 

Test 

Temperature 
°C (®F) 

TABLE XXX 

FRACTURE MECHANICS PROPERTY TEST DATA 

Failure 

Stress 

MPa (ksi ) a cm (in) ’ b cm (in. )^ 

Kq MPaV^ (ksi \ZTrO^ 

CP-22 


538 (1000) 

12.13 (1.76) 

0.0444 

0.315 

0.634 

3.98 





(0.0175) 

(0.124) 

(0.578) 


CP-9 


538 (1000) 

10.27 (1.49) 

0.0462 

0.310 

0.499 

3.13 





(0.0182) 

(0.122) 

(0.454) 


CP-15 


871 (1600) 

13.09 (1.90) 

0.0465 

0.315 

0.636 

3,99 





(0.0183) 

(0.124) 

(0.579) 


CP-18 


871 (1600) 

10.40 (1.51) 

0.0538 

0.315 

0.567 

3.56 





(0.0212) 

(0.124) 

(0.517) 


Notes : 









1 . 

Crack (notch) 

depth 






2. 

Total specimen depth 






3. 

Apparent (not 

valid) critical stress 

intensity factor 
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Stiffness. The basic noHlHLr ^ of Initial and overall 

all temperatures up to 1094°C (2000“F) BoTh ’s similar at 

stiffness varlablllt/arrillN Fr.f.H h. ^ similarity and the 

and the two 871 °r n^nn^F^ strated by comparison of the room temperature 

thte1s*“ubsunmir. e irv^atirr? <^200"F) 

by the high temperature curve reproSuceS ?n Figure ?J"' 

aTa^rLTa^:«;:^s^‘s^rLtr)l '- 

slight decreasing trend between room temper 538"c'’(lMO'n'‘’'* * 

de'?;e^s?ng'af,2rc‘So;-fr%;'“^'^ 

(2000"F) is not present?v understmd^ann" *^el^ apparent increase at 1094’c 
reproducibility at each temoeratnrp ;mno data scatter, although 

that this strength peak ^ood. It Is possible 

concentration is calculated to Hp nn ^ 9 ion of the specimen where stress 

caution should be exercised In 1 nhPmrpLf'’^^'" suggesting that some 

data discussed aLve interpretation of the strength and "ductility" 
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Figure 75 



In-plane Temperature 
Cerami c 


Elevated Tensile Properties of Strain Tolerant 


,»pressive stress-strain ’slrngt'hf Ire'^uch 

iffers significantly from tensile 

igher than tensile strengths, Curves ^Because corrected crosshead 

on-linear segments to the stress-strain cur seating effects at low 

isplacement was used to ^ ^ ’t^u 5 o„,e reservation. This reservation 

oads, this ^ and 871°C (1600“F) compressive stress 
lot withstanding, the 53 Hiffprentlv than corresponding tensile 

.train curves clearly shape ® expressive deformation begins to 

:-srre:^ir/e^or:^t!^r n, 

inpracrnlV^lHl" rt^?fn^^s’i:;:irTo"p^e ^e^sentuny Independent ot 

temperature in the range studied. 

The compressive failure mode was iXe^ a^^ plXX in Hgure 

(Figure 77). Compressive stresses . iXaX (2000°F), the 

78. Because compressive tests were no con^ f temperature in 

occurrence of a strength peak, such as that seen at 
tensile loading, could not be verified. 
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ORIGINAL PAGE 
^CK AND WriiTE PHOTOGRAPH 



(ilNEERING 


^"*56 
COMPRESSION STRAIN. PERCENT 


J 

7 


I Tolerant Ceramic Compressive 
■peratures. Compressive strains 
i sp] acement . 


Stress-Strain 
calculated from 



Compress i ve 


Fai 1 ure Mode 
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Figure 78 In-plane Elevated Temperature Compressive Properties of Strain 
Tolerant Ceramic 


and XXVIII for compression 
for these tests are 
uniaxial compression-creep 
’C (1800“F) and 1204°C 


[.1.3. 3. 1.2 Creep Behavior 

rhe creep test results are listed in Tables XXVII 

wd tension, respectively. All 
iresented in Appendix E. As shown e XXVII 

tests were conducted for two stress levels at 98d 
(2200‘*F), on a total of seven specimens. 

Compression-creep tests a levels'^^At°982‘’C*'(1800“F) a larger 

1204-C <2200'F) for low and high stress levels^ At 982 c 

amount of compressive straining occurred in the higher 

compression-creep tests conducted at 120rc i.^towed^a^signif IcanJ^^ 

increase in creep response as compa , a t-psts at 1204°C (2200'’F), the 
in both the low stress and high stre s J'ess level tests, the 

initial creep rates are However, the high stress level 

creep rates diminish significant y ' v-nociwo itri^in values very 

tests at 1204°C (2200°F) reach very large compressive st 

qui ck1 y . 
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conducted for high 
at 538 C (1000 F), 982 C (1800°F) and 1204°C <2200'’F) 
specimens. 


stress levels (ss;807o UTS) 
on a total of four 


No tension-creep response was seen at 538°C (1000°F) 
two hours. However, test data at 982X (1800°F) and 
significant tensile-creep response. 


after testing for over 
1204°c (2200°F) revealed 


a 


Minimum creep rates were estimated graphically for a significant portion of 
r^rp tensile-creep data. The minimum compression creep 

^o L cJ"®' r"! '’""5 calculated for tensioS and wer^seL 

rongly dependent on stress level and temperature At 982°C (18on°Fi 
creep^rates^for c«prps;o„ at the ,o.e^^t^ess "X"' 

10 ^hr*'. Tensile minimum 
at 982°C (1800“F). 


. ----- were on 

at higher stress levels were greater than 
creep rate values averaged X lO'^hr"' 


f X lO-hr- f rate values for compression approached 

2 X 10 hr at low stress levels. At higher stress levels it apoearr^ 
though only primary creep occurred and creep rates were 5 X 10 'hr ' 
for compression and IxlO^hr-' for tension.^Minimum c^eep rates Le 

depeXcr'"' ''' rate-temperature 
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Figure 80 Creep Rate Versus Temperature 


3. 1.3. 3. 1.3 Fatigue Behavior 


results are listed in Table XXIX and plotted in S-N form in Figure 
in the table, five specimens were cycled directly to failure. 

”C (1000°F) and two at 87rc (1600°F). Three additional specimens 
in monotonic loading to compare tensile strength as measured in 


Fatigue test 
81 . As shown 
three at 538 

were failed m miuhuhjh 1 1 . luauii.y ^ - - - r . r.uav-for 

the wafer test with previous uniaxial results and Provide a one q 
cycle" data point. One of these specimens exposed to 20 000 cycles at 
intermediate stress prior to uploading to failure at 538 C (1000 


’F) 


wi th 


Comparison of the "quarter cycle" strength values 
75 indicates reasonably good agreement between the two 
the highly biaxial stress state in the wafer specimen 
significant level of confidence to the fatigue test 
81 . 


those plotted in Figure 
test methods, despite 
This observation adds a 
results plotted in Figure 


LOW CYCLE FATIGUE OF 



Figure 81 


S-N Curve for 7YSZ 
together) 


(538-C (1000-F) and 871-c (I600"F) data plotted 


sensitive fatigue behavior are not presently understood. 


very 


uploaded at 87rc HMO'Vk ’A?'’seen'?n°Tabirxxlr"tn^'‘^ incrementally 

nit^ip^ois “?es‘ „r:p*ed‘°‘^‘"-^=- 

JZlofr^no? ^PPa?ent^» 


after the 
'coaxing" 


2 ) 


3. 1.3. 3. 1.4 


Fracture Toughness 


are presented^fn^Tabfe*"xxx°^Wh??rDl’an^ (1000*F) and 871 “C (1600°F) 

satisfied in these fp.tr ;h. !!i ^ ® conditions were not fully 

indication of the inherent toughJeH ^rth^strain toler®? provide some 
probably serve as upper limit values InsnPrH^rVJh would 

the toughness is on the order of 0 55 MPa^(o 50 k?[ 

range investigated. It should be noted t^f fh?.^^! k ^ temperature 

the plane and direction of proLaation ^f thf^ toughness was measured with 

thermal exposure specimen, would be lower thlnl^e'^Jr^e^u^ed^f: J^el^ 
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3 1 4 Task IC - Prpiinmi nant Mode Dete minatXoil^ 

Based oT^n'fo^n^ Jcl^ fin*:' ler:er:' del:r:i:d^‘rn" 

of the ‘>’ff'”“^‘^J;®"'“',“?^„ftlfrprediclion model was developed to independ- 
empirically based correlative P failure modes Three predominant 

r,r,;r:^de\en?l rtirt^^rweTJondpct^^ to determine the appllcabllltv 
and rmiU of the preliminary life prediction model. 

3 . 1 . 4 . 1 Task IC ilstem 

The Objective of this spbtask was to ,n 

coatin, life Pkfdictloh system based o c^ lides o coat ng degradation. 

Task IB, These results ““ “ involve an accumulation of 

The first of these is mechanical and s assumed Jo i 

fatigue damage resulting from ther ^ , pvnosure and appears, on the basis 

degradation mode involves prolonged of the metal 

of phenomenological evidence described below to accomplish the 

Ob5ecuve’'orthl™srbt«k was developed at Southwest Research Institute under 
the direction of Dr T, A. Cruse. 

Following the ^jJJ®^/Jhe'basis for^th^therlar barrier coating 

^?7e^:^5r -"sp-^fc'an ijtfcaf^^^^^^ ?oTa?ru-r^1S;; 

linearl^related^o IJ^ied ineUstic strain range (Ae,) raised to a power 
(b) : 


N = A (Ae,)*’ 

where A is a constant of P^f v Vtfria^^^h^use'o/ 

rieli^Hr^:£ 

mechanical test program. 

TO facilitate Incorporation of an P";|™7®"‘?l„f“’e»rrls!ed’^n‘t^^ 
Coffin relationship, the proportionality constant is expresseu 


A = 


(AE,)' 


with 4e, (the inelastic strain range which «"des failure in a single 
cycle) being made dependent on accumulated oxide thickness. 


A£f = AEf, 


(1 - 6/8c) ^ (8/8c) 


Tu r 4 --,o 4 - Ae iq failure strain in the absence of oxidation, 8^ is a 
The constant is „^ide thickness which would cause ceramic 

assigned value of unity.) 

128 



a?c‘on,pr!!h'l£'"iF^' ’io" 

=L"l£^FaH[r-- 


5 = c (Kpt) 


1 / 2 


where Kp is the parabolic rate constant; 

Kp = A e 


Best estimate values of the constants A, c. and AH based on orior Pratt X, 
Hhitney and lUerature data »ere used for this Initial !L?Jsisl 


A = 0.06760 gmVcm^- 
c = 0.5358 cm^/gm 
AH = 66,430 cal/mole 


sec 


improvement on this preliminary model. 

break up for this analysis is shown in Figure 82. 


Ni-based superalloy 
\ 




0.102 

(. 040 )' 


.102 

“(. 040 )' 


.102 

‘(. 040 )' 


.102 

'(. 040 )“ 


ALL DIMENSIONS IN CENTIMETERS (INCHES) 


Ceramic 
NiCoCrAlY \ 

~U 

ID 


.102 

'(. 040 )" 


.051 


.051 


(. 020 )(. 020 ) 


.025 (. 010 ) 
.013 (. 005 )’ 
.025 ( 0 . 010 ) { 


T 


Figure 82 


Axisymmetric Finite Element Model 
and Thermal Barrier Coating 


Breakup of Substrate, 


Bond Coat, 
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TO approximate the non-linear t-^'^^^-V^^Slred^arb^inrtdeanr'"' 
discussed previously, the yi ,(5 material model assumes elastic 

Inelastic, as ' deformation with zero 

behavior up to the yield , , formulated prior to testing which 

strain hardening. Because this rnmnressive^strength, both tensile 

showed a large difference "i tPh^lle < 5.5 ksi) and 

"'dep'd^nrirte^plJaturr^e ults t^^^ 

rnio^p^ted ?:-crf'ir‘thrS^lTn ^Lrt^^r^^cussed in Section 3.3,. 



Figure 83 


Ideally Inelastic Behavioral Model Initially Used to Represent 
Ceramic Stress-Strain Behavior 


‘^r"is*^tr:in:;?sefp:fd?;t'rirr‘:nVt:reirsC^^ 

E 1 tirnb:'yt^:n"pl-:'ss%ol^l^r^ 

nf thP thermal cycle the ceramic heats more rapidly than the 
portion of the I- ^5 constrained from expanding by the much 

“Iff! rmetan? bl?raie th"ceJallcTforms compresslvely, elastically at 
stiffen meta o^tirAl i v as thermally imposed strain exceeds the assumed 

first P"? y^pld oolnt (Point 2 on Figure 84). As the underlying metal begins 
nd lie sMb^te tlmperalure begins to "catch-up" with the ceramic 
to heat and , pvnansion reverses the ceramic deformation and 

5U'%rirce"mk“loolrralfllHnhs;"lole“aMl5 ?lan"?he underlying 

rai^idSnijrar^^^ -fr.Mir?rr;^rais is: 

::: 2 i::ii::":urtic:iry"rn: t (pomt e 
:;?i;:ii::-ar;r::n;::ni;::;:::::;iri::r:"i;;:ni^^ the 

mmll lKi: It should be noted In Figure 84 that at completion of the 
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ideally inelastic hysteresis loop does not close 
Whi e multiple cycles were not modeled analytically for this preliminarv 

multiple cycling would result in the development 
nlu^^^t5 strain axis fro^thaJ 


Stress 


Elastic excursion 

2(ays/E) 


AckAT due to 


5.5 Ksi Yi^d_ 


thermal expansion 
mismatch 


5.5 Ksi 



p Acc due to 
initial cooling flux 

s' 6 


Initial condition; 
Pre-compression 

(-2 Ksi) 


Aeh due to 


initial heating flux 



Stress 


Elastic -f inelastic 
strain excursion as 
AT-»-0 

Figure 84 Conceptual Model of Thermally Driven Ceramic Stress-Strain run» 
Under Initial Elastic/Perfect Plastic Model ^ " 

The total inelastic strain range for the hysteresis loop illustrated in Fimirp 
84 may be analytically expressed as follows; ^ ^ 


Ae, = A(aAT) + AG 


AG. 


2 ( 


/ E) 


the inelastic strain resulting from the heating transient and 
AEc IS that resulting from the cooling transient It iq imnorf^nf ■*. 

that, depending on the severity of the transients, the total inelasti c*^strai n 
range can be larger than the nominal A (a AT) driving forc^ 

To establish values of the constants b AG, ;>nH a in fh,^ i- • 

approach to computation involved computerized linear summation of fractinnsl 
mechanical and oxidative damage accumulated in successive "blocks" of evnoc 
at specific conditions. Resnits of this correlaHonrrsho« n Fiacre 85 
together with best fit values of the three ron<;i-;^nfc gure 85 

correlation coefficient, 0 . 9 ! ?he nt of the e^e^f^ental da^a 
considered quite good for this initial model It is reassurino i-n nnf +-k 
the best-fit critical o«ide thickness and tiidlftte tanufrufalf ctn t„*ts 
have physical ly reasonable values, on the order of 0.01 mm (0 0003 in ) and 17 
strain, respectively. It is of interest to note that the slope of the 
correlation (b is extremely high when compared to typica Sa? values 
mentioned previously. This observation is consistent with the 

5o'(Figu?e'8U estimated to be on the order of 
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Dt Tpeak = 2050. D2 Tpeak » I960 



Figure 85 Preliminary Life Model Correlation 


3. 1.4. 2 Task IC.2 Verification Tests 

The oblective of this subtask was to experimentally verify the 
life prediction model described in the previous section. The . 

verification testing involved cyclic burner rig testing as conducted 
TR modified as described below to more closely simulate engine operation 
JLutins Three tests were conducted at three sets of exposure conditions 
which were different from one another and from the conditions used to 
establish the correlation in Task IB. 


. eye' 
This 


1 c 


The test method used for life model verification involved clean fuel 
burner rig testing with a single, internally cooled hollow specimen, 
soecimen permitted exposure of the ceramic with a steady state 
throuqh-thickness gradient to more closely simulate engine exposure the 
coating and also allowed more precise instrumentation and control ot the 
thermarenvironment. As shown in Figure 86, the hollow verification test 
specimen rs t^e the diameter of the previously utilized specimen and rotates 
about its own axis to assure circumferential temperature uniformity. These 
substantial changes from the Task IB experimental condition assured that the 
preliminary model was effectively challenged by the verification testing. 
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Figure 86 Single Rotating, Internally-Cooled Tube Test Specimen Geometry 

graphically in Figure 87. It is clea^ from fmc made 

the uncooled test result more accurate! predicts 

Prediction of the uncooleHesr ndka L 

accurately accounts for rh;»nnoe :.c the radial stress model 

from 0.35 mm to 12.7 mm Also th^relaH ve^' specimen radius 
uncooled verification test indiJaLs tL^f accurate prediction for the 
da.age, the fatigue based mode^^s^^^ g^^^J 

1) tErmodel is^’nadequaL^to IJcoun^for^the^J predictions are: 

which would result from the thronnh_Lf?^ complex stress distribution 
the relatively simple instrumentation used^^Task Inaccuracy of 

sophisticated instrumentation indir;ifaH n^s* •^^l ^^sults from much more 
readings taken in Tas^I Bo?h o^ Jp temperature 

addressed in Task II. Consistent with sources of error were 

upgraded and much better instrumentation wasT^d for^?Isk^?l‘'tenEing°'^"’ 

the three verif kat?on^tests ^MgSre^srinii^^F versus number of cycles for 
test conditions, the modern^edi'cEs verv ?? verification 

life wUh damage accumulating rapidly foi the last^fp^'^h 

result IS really a reflection nf t-ho cfl ^ hundred cycles. This 

should be noted that on Figure 88 th^^infi^ model. It 

verification test curves hive nfnh!J?c y !r'^°"C’" 

how temperature data blocks were seouencld merely a result of 

predicted oxide thickness ratin jfinrn^ K ^^ inputted. A plot of the 
indicates that the uncooled test ic •number of cycles, shown in Figure 89 

rate than the two coo ed es p suL'hlE h'’"' at a greater ’ 

temperature. ’ P^^^^umably because of the higher interface 
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Figure 87 Predicted Cycles Versus Observed Cycles for the Task IC 
Verification Tests 


1 ^ i^ftinCATioN tpct ^ UHITNEV 

iSsa?slL«^"£S■i£^ 



Failure ™odes were era.lned for 

l^il^carurrttrrfre JatSi™:? 

through 92. 

lofaf tes? SotT524*'?ycrel‘’?Ms*Fpecimrn'wrs ?ested"n'*thrbHrnef H, usin, 
r„?7:drn/ri^erSpe?e°tbe cer 1C bad -t been spalled^ Two types 

=::H='S itS B: “ S“;»:ri? 

iecllle rherar”st^rpresen? in the area -here spalling has occurred, 

sru;s:riar;;'S".,r;r;%=i;£S.;^^^^^^^^ 

crack may well be consequential damage i.e.. a crack started oy y 

spalling off- 

t'^rand^its"mic?istru?tuJe" Thu'sJeciS'S^c^umuUte^ of test 

time/884 cycles. The burner rig cycle ".inutes^ and t^^ 

internally cooled. The microstructure of the spea^^^ 

cracking than the 12-minute a thAn the latter specimen, it did 

iissCsH^ 

with any major cracks. 

Figures 92a and 92b show the PO^^-test spec^ ^^'cirs^rl'-mlnutelurn^r rig 
uncooled test specimen after 138 test hot zone of the bar 

cycle was used. This specimen spalled in two areas n Tije noi zo ^ 

approximately 90^ apart. In the ^ quLrutcal cracks such that if exposed 

miirostructure shows a large number ^u^cntical cracKs such i p 

S '""resrcrfchfap;::; ort "b^nr oarUoir,” m the spaned 
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ORIGINAL' PAGP 

tiLACK AND WHiTL PHOTOGRAPH 
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Minute Burner Rig Cycle, Cooled I.D. (b) Post-Test Microstructure 
Near Spal 1 ed Area 


BUAtK AND «HnE PH 



(a) Post-Test Sp 
Burner Rig Cycle 
Spal 1 ed Area 
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3.2 Task 


Mode 


Life Pred iction Model 


model 
cons 
the 


i.- ^ fhic we<; refinement of the preliminary life prediction 

The objective of this task was ^eti e refinement of both the 

model developed in Task I. ° u ^ utilized to develop the preliminary 

analytical and the experimental approaches utiiizea^ 

1. Analytical enhancements inv . , ^phavior as well as refinement of 

titutive and time dependent mechanica ci-ress-strai n distribution, 

me finite element ° aonroach involved improved simulation of 

^gir^^rsu^e condU?ons and expansion^^^^^^^^^ 

n/r ,nte.nauy coo,e. 

specimen used for Task IC verification testing. 

3.2.1 Task IIA - Experimental Design 

u • 4 - ■ « /-.r Tack TTA wss to design experiments to obtain data for the 

The objective of i^^sk coiprEion of the test program parameters was 

„,ajor mode life 5 est ^g Thr^est parameters were varied 

the model, are shown m Table XXX I ®®^"J^tions (cycles/hours) were also 
parameters as input into the ^°del life predic^ y ^g^^tive 

made for each test as designated^ ^ ^"l®ted for each of these twenty 

mechanical and oxidation damage damage and emphasize oxidation 

tests. Tests 1 through 6 through 12 emphasize 

damage by reducing the cycle te p arowth bv minimizing exposure to the 

mechanical damage while .u L 18 are mixed mode tests designed 

maximum cycle temperature Tests \ through 18 are mxea 

component geometry on life. 

K.ireT.:'ir.vsK££:££^^^ 

SEssir SI-.::: ssrs*:.:".;':::::. .... .... 

of the specimen to the surrounding room. 

To obtain accurate thermal histories for^ 

ss: s:::~ESEH;F.lES?S SIEE 

pemltteS characterlzatioS of the axial temperature gradient. 
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TABLE XXXII 

TASK II PLANNED TEST MATRIX 
Interface Temp 

Max M1n Cycle Purpose of Test 

Test Emphasis Time (Min) is to Establish 


1 

2 

3 

4 

5 

6 


Oxide 


1107 2025 427 800 


6 

6 

12 

12 

24 

24 


Critical Oxide Thickness 


7 

Strain 

1121 

2050 

21 

70 

6 


8 



1121 

2050 




1 


9 



1149 

2100 




1 

Static Failure Strai 

10 



1149 

2100 






1 1 



1177 

2150 






12 

1 


1177 

2150 






13 

Mi xed 

1079 

1975 

57 

135 

6 


14 

Mode 


1 




6 


15 




1 




12 1 


16 




T 




12 

Rate of Oxide Growth 

17 



1107 

2025 




6 


18 



1107 

2025 




12 


19 

10. 

67fnm 

1121 

2050 

21 

70 

6 ) 



(0. 

42") 









Radius 






\ 

( 

Direct Effect of 

20 

10. 

67imi 

1121 

2050 

21 

70 

6 ) 

Radial Stress 


(0.42") 

Radius 


6/6 


c 


OXIDE MIXED MODE 

EMPHASIS 

TEST i-e tests tests 

I 13 -ie 17-18 


STRAIN EMPHASIS 

TESTS 7-8 
TESTS 19-20 


nCT 


TESTS 

9-10 


1 




TESTS 

M-12 


0.1 


9.S 9*6 


r 


e.8 


e.9 Id 


ACj / Ac 


fo 


6^ • .000327 (Critical Oxide Tlilckness) 

" -01222 (Static Failure Strain) 


Figure 93 Task II Predictions: 
Strain Ratio 


Oxide Thickness Ratio at Failure Versus 
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As shown In Figure 94, the instrumented specimen had nine axially routed metal 
sheathed thermocouples: four on the inner diameter (I.O.), and five on the 
substrate outer diameter (O.D.), gust below the substrate-bond coat interface. 
To assure accurate metal temperature measurement on the I.D., the specimen was 
split axially and the I.D. thermocouples were buried just below the metal 
surface. After I.D. thermocouple installation, the specimen was electron beam 
re-welded. O.D. thermocouples were similarly buried and oversprayed with bond 
coat and ceramic. 


r 



Figure 94 2.54 cm (One-Inch) Diameter Instrumented Specimen Design 

The measured axial temperature gradient in the hot zone of the specimen is 
very smalK <5.5°C (<10°F)). This is due to the test conditions which flatten 
the gas temperature profile. Also, this reduces the uncertainty in monitoring 
the test conditions due to the location of the reference thermocouple present 
i n al 1 test specimens . 

Results of instrumented testing indicate an external gas heat transfer 
coefficient in the range of 80 to 90 BTU/f t'-hr“F . This value was 
established by putting the instrumented specimen into the burner gas path 
without internal cooling. A finite element, transient heat transfer analysis 
was then conducted to select the external gas heat transfer coefficient that 
produced the best match between calculated and observed transient metal 
temperature response. The match produced, using this procedure, is shown in 
Figure 95. Shown in Figure 96 is a comparison of the measured temperature 
gradient through the metal wall during heat-up with the predicted values from 
the finite element analysis. Also seen in this figure is the maximum 


142 




value Is criticarfi^ the Lns^that th^wlv^fh heating This 

ceramic strain at the metal-rpr^m?r bookkeeps inela<;tir ^ 

97lh^ 

v:;;To!Tc-f-i,LTrL^f 

early In the cycle. ^ maximum occurs very 



F'sure 95 Transient E«ter„a, Meta, Temperature 
Of the TBC Coated Specimen 
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— CERAMtC 


► T.C DATA 
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MODEL 


bond COAT 


' SUBSTRATE 


TEMPERATURE SPECIFIED 
from MEASURED DATA 


RADIAL 


^ite element model 
boundary conditions 



axial 
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During steady-state '°"J’‘'°j|,“oJ:"t|,e" 5 p™ien'^arLasu^ed at 33"C (60"F). 

fntf c^Jr^rp^ds ‘to%resli:ated 'J^e-a, ccoMn, i-eat transfer^^ 

^rL‘^r^aL?n:idirn7asru::d’?nT:e prellrusN ife prediction tor Tas. tc.a. 


3 . 2.2 


■ r.nnriments/Analy sisjmlMod^^ 


rtafn^rt^^of ™a?^r loLJt^ 

Ff?hr d^srcers rniiytu^iru^adj 

p?opert?'test results, including inelastic 
analysis for the ceramic. 


to 


periments designed in Task IIA 
model development. The Task II 
ished a data base for correlating a 
inq effort was based on refinement 
focused on thermal strain and 
temperature dependent effects such 
bv including all mechanical 
behavior, in the finite element 


144 



Thermal Exposure Test Results and Mi crostructural Analysis 


Results of the twenty Task IIA tests are presented in Table XXXIII. Because of 
the variability of the burner rig optical temperature measurement and control 
system most of the Task II experiments did not run precisely at the planned 
temperatures. The average maximum and minimum cycle temperature recorded from 
the thermocouple installed in each specimen is shown in Table XXIII These 
actual temperatures were used in the subsequently described life modeling 
analysis. ^ 

Figures 98-117 show the post-test microstructures for each specimen. The 
photomicrographs shown were taken in an effort to focus on bond coat oxide 
development. Bond coat oxide thicknesses, representing averages of 18 
measurements made in groups of three at 6 intervals around the circumference 
of each specimen, are presented in Table XXXIII. Figures 98 through 103 and 
103 through 108 show the post-test, hot zone, cross-sectional microstructures 
emphasis and the strain emphasis tests respectively. Although 
the failure mode for all oxide and strain emphasis conditions was the same 
there are clearly some very distinct features found relative to the two groups 
in the microstructures. The oxide emphasis group shows much greater bond coat 
oxide development as compared with the strain emphasis test; oxide thickness 
for the oxide emphasis group tests was on the order of 0.00635mm (0.00025") 

strain emphasis group tests was less than 
0.00254mm (0.0001 ). Correspondingly significant differences between the two 
groups are seen in the bond coat microstructure in terms of Beta phase (NiAl) 
depletion. In addition, in-plane ceramic cracking appears to be more closely 
related to bond coat oxide growth in the oxide emphasis group tests than in 
the strain emphasis group tests. 

Figures 110 through 117 show the post-test, hot zone, cross-sectional 
microstructures for the mixed mode group and small radius group tests 
respectively. The mixed mode group test microstructures (Figures 110-115) show 
bond coat oxide development to be on the order of 0.00508mm (0.0002"). In this 
respect they are more closely related to the oxide emphasis group micro- 
structures. The small radius group tests (Figures 116, 117) show oxide 
thickness similar to that for the strain emphasis tests; this result is not 
unexpected since the test conditions were designed to emphasize strain The 
small radius group tests exhibited test lives on the order of the 

one-inch diameter, strain emphasis tests (numbers 7 and 8) 

1121 C Tmax (2050 F Tmax), even though the radial stress was increased by -15% 

^ of the radius change. This result suggests that radial stress is 
not a first order driver on ceramic spalling life. 
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Ic) HT-61 Post-Test Failure Zone 200X 

Figure 98 Oxide Emphasis Test tf] Post-Test Speci 
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2c) HT-58 Post-Test 
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5b) HT-59 Post-Test Failure Zone 200X 
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6b) HT-60 Post-Test Failure Zone 200X HT-60 Post-Test 200X 
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8b) HT-35 Post-Test Failure Zone 200X 8c) HT-35 Post-Test 



155 


9b) HT-32 Post-Test Failure Zone 200X 9c) HT-32 Post-Test 
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10b) HT-36 Post-Test Failure Zone 
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Figure 110 Mixed Mode Oxide Emphasis Test 
#13 Post-Test Specimen 
Mi crostructure 


black 


ORIGITML PAGE 

and vvtkte photograph 
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13b) HT-62 Post-Test Failure Zone 200X 
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14b) HT-64 Post-Test Failure Zone 








Figure 112 Mixed Mode Oxide Emphasis Test 
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15b) HT-56 Post-Test Failure Zone 200X 





16b) HT-63 Post-Test Failure Zone 200X 
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3. 2. 2. 2 Advanced Life Prediction Model Development 
Constitutive Property Model Analysis 


In the advanced life prediction model 
prediction of the ceramic inelastic s 
3. 1.4.1) has been improved. Analytica 
modeling of the TBC's ceramic outer 1 
behavior including: non-linear stres 

tensile and compressive response, and 
This was accomplished by using a time 
model developed by Walker (Ref. 40). 
behavior as time dependent inelastici 
plastic and creep deformation is made 
strain is given by: 


ueveiopea under this task, the 
train range (AS,) (eq. 4, section 
1 enhancements involved more accurate 
syer constitutive and time dependent 
s-strain characteristics, asymmetric 
time dependent inelastic deformation, 
dependent one-dimensional constitutive 
The Walker model considers all non-linear 
ty such that no distinction between 
. The governing equation for inelastic 


e inelastic 



( 1 ) 


where n is a constant, fils the back stress, and K is the instantaneous drag 
stress. The back stress term is a quantity which physically corresponds to the 
asymptotic stress state under relaxation conditions. Qualitatively, the 
evolutionary expression for back stress is a sum of opposing hardening and 
thermal and dynamic recovery components which can be characterized as: 




Hardening Recovery 


( 2 ) 


The one-dimensional form of the Walker model was used to regress tensile 
compression and creep data to obtain the equation constants. Some 

constitutive relationships were required to match the 
TBC s mechanical behavior. These modifications are noted below: 


= e* + c,n 


m 


n = (n, + nz)^, n + E, n 


8 n, 


0 — ^ — J2— n I ) n ) ( G — 


nz 80 


80 ) 


G = (nj + n^ exp (-ns R)) R + ng n""' 
R = |e,nl 

K = k, - Kz ATAN (a^/nz) 

= E(et, -ein, -AEin, xAt,*,/At,) 


(3) 

(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 

(9) 
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mechanical strain 
1c strain 
Stic strain 
s 

stress 
stress 
:ic Modules 

, n,. ns. ns. n,. K, . m. n. E depend on temperature. 

ress (K) was modified to reflect the asymmetry between tens 
I. The value of "K" alternates between (K, + Kj * tt/ 2) in 
I and (K, - Kz tt/ 2) in tension as shown in Figure 117A. An 
'alue of stress (cr,) is used to determine what value of K i s 
)ecific tini0 increment. 





The constitutive model for the TBC appears to reasonably reflect the most 
important features of the mechanical behavior of the insulating ceramic layer, 
i.e., asymmetric tensile and compressive stress/strai n response, non-linear 
stress-strain response in tension and compression, and creep behavior. The 
coefficients to the constitutive model were selected to reflect the most 
important characteristics of the material at each temperature. These 
coefficients were regressed using a computer code developed by D. Nissely 
under the NASA (HOST) Contract; "Life Prediction and Constitutive Models for 
Hot Section Anisotropic Materials Program, NAS3-23939." 

At high temperatures the TBC is in tension because the metal it is adhered to 
has a higher thermal expansion; therefore, at high temperatures the tensile 
behavior was matched. At lower temperatures the compressive uniaxial and creep 
data was matched. Figures 118 through 123 show the Walker model predictions 
for ceramic mechanical behavior in tension, compression, and creep. These 
plots show that the modified Walker model is simulating the uniaxial data 
relatively well. While the secondary creep rate is also simulated relatively 
well, the actual level of creep tends to be overpredicted. 


(/) 

CO 

CO 

UJ 

cc 

CO 



Figure 118 Comparison of Uniaxial Tensile Data (Room Temperature) 
Walker Model Predictions 


and Modified 
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• DATA 
□ WAU<ER 


Figure 119 Comparison of Uniaxial Tensile Data 1094°C (2000°F) and Modified 
Halker Model Predictions 



STRAM 

• DATA 
□ WALKBI 

Figure 120 Comparison of Uniaxial Tensile Data and Compressive Data 538°C 
(1000°F) and Modified Walker Model Predictions 













TIME ( X 1 0^ SECONDS) • DATA 

□ walker 


Figure 123 Comparison of Uniaxial Tensile-Creep Data (1800“F) and 

Modified Walker Model Prediction 


To obtain thermal displacements for thermal stress-strain analysis, heat 
transfer analyses were completed for all the Task II experiments. An average 
cyclf tUerature was established for each test based on the average of the 
monitored thermocouple minimum and maximum cycle temperatures. 
finite element stress analyses then was made for each test using the therma 
boundary condition computed from the heat transfer analysis. The mechanical 
strain of the specimen metal O.D. surface is the applied boundary condition to 
the TBC constitutive model. The TBC stress is then calculated based on the TBC 
constitutive relationships. The maximum width of the resulting stress/strai n 
hysteresis loop is Ae, , which is used to correlate the life prediction model. 

A typical hysteresis loop calculated for a "strain emphasis" type burner rig 
cycle is shown in Figure 124. It should be noted that the predicted hysteresis 
loop includes extended tensile ductility i.e., it allows for inelastic 
straining past the bulk material property tensile failure strain (=^^0. 3/o) . The 

physical hypothesis put forth for this phenomenon is that a thin coating 

having excellent adherence to the underlying substrate is able to accommodate 
greater inelastic straining than a bulk specimen which fails from the first 
crack. This is manifested in the microstructure as segmentation type, 
micro/macro, cracks. 

In the mature, thermally driven ceramic stress-strain cycle, the ceramic is in 
compression at point 1. When the ceramic layer begins to heat up initially, 

and the metal substrate is still cold, the TBC is driven further into 

compression non-linearly (points 1-2),. As the metal substrate also begins to 
heat up the ceramic layer is driven into tension linearly, ^nd then 

non-linearly when the ceramic layer is in an actual tensile state. When the 
TBC reaches the steady state maximum cycle temperature, point 3, a certain 
amount of linear stress relaxation occurs, the amount of which depends on how 
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long the TBC remains at the maximum temperature (points 3-4). When the ceramic 
is initially cooled, while the metal substrate is still hot, additional 
non-linear tensile straining occurs due to the initial external cooling flux, 
(points 4-5). Upon cool down, when the metal subsystem begins to cool, the 
ceramic layer is driven back into compression, initially linearly. At higher 
stress levels in compression the unloading becomes nonlinear. At still lower 
temperatures some stress relaxation or stress recovery is dictated by the 
model as the ceramic returns to point 1. 



Figure 124 One-dimensional Walker Model Prediction of Stress-Strain Cycle for 
Burner Rig Experiment At Cracking Location Just Above Interface In 
Cerami c 

The model predicts a very open loop with a quite large reversed plastic strain 
range to drive ceramic fatigue damage. Predictions for all of the experimental 
burner rig cycles were made with this model for correlation of the improved 
life prediction system. 

Figures 125 through 127 show the predicted stress-strain hysteresis loops for 
representative oxide emphasis, strain emphasis and mixed mode group tests 
respectively. Figures 126 and 127 show that, for the strain emphasis and mixed 
mode tests, the hysteresis loop "ratchets" to a stable cycle after a 
relatively small number of cycles. The oxide emphasis, stress-strain 
hysteresis loop requires a larger number of cycles before it becomes stable. 
This is because this type of test allows the specimen to cool only to 427°C 
(800“F) instead of 38“C (100°F); thus, very little cooling time is 
accumulated, resulting in less stress-relaxation per cycle. In comparison the 
strain-emphasis type test requires much more cooling, so that the specimen 
returns almost to ambient temperature, thus resulting in greater stress- 
relaxation and the loop stabilizes after 4-5 cycles. 


173 



- 0.4 4 


3 -3 

o 




Figure 125 Predicted St 
Oxide Emphas 




to 

Ml. to 


Figure 126 Predicted St 







Figure 127 Predicted Stress-Strain Hysteresis Loop for Mixed Mode Test #16 
Oxidation Model Development 

To improve the bond coat oxide growth rate model developed in Task I of this 
phase, oxidation experiments were conducted using the program's Substrate-TBC 
System, at the NASA Lewis Research Center. Dr. Robert Miller used his data to 
develop a more accurate oxidation fit for the improved life prediction system. 
Oxidation data from furnace experiments was obtained at two temperatures: 
1100“C (2012°F) and 1200°C (2192°F). From this experimental data a new oxide 
growth rate expression was developed based on the average of the two tests. 

The oxide thickness expression is shown below: 


. O . 2 9 S 2 

— = 2.057 X 10’® g-<-s 2 7 7 ,/T> ^.1 
A ‘ ' 


where: W = weight to change in mg 

A = area in cm^ 
t = time in hours 
T = temperature °K 

An oxide thickness expression may be obtained using the weight gain data if it 
is assumed that only AI 2 O 3 growth occurs: 

= AX (15) 

A AI 2 O 3 AI 2 O 3 


where <f> = average weight fraction of oxygen in AljOs scale 

PAI 2 O 3 = density of AI 2 O 3 scale 
AX AI 2 O 3 = thickness of AI 2 O 3 scale 
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The oxide thickness expression obtained based on the NASA furnace data 


AX 


AI2O3 


= 5.35 X 10"''[2.057 x 10’® e 


<-S2771/T) 


t ]“ 


2 9 5 2 


is: 

(16) 


Using this oxide growth rate expression, bond coat oxide thickness at failure 
was predicted for each of the Task II single-specimen tests. As shown in 
Figure 128, the predicted oxide thickness is~2X greater than measured. 


NOTE: NUMBERS IN SYMBOLS REFER TO TASK II TESTS (TABLE XXXIII) 


o 



INTERFACE TEMPERATURE, “K 

« » » I « 1 1 1 1 1 1 • 

2420 2440 2460 2480 2500 2520 2540 2560 2580 2600 2620 2640 
INTERFACE TEMPERATURE, “R 

Figure 128 Calculated vs Measured Oxidation Thickness for Burner Rig Specimens 


To improve the correspondence between calculated and measured oxide thickness 
values, the measured thickness values were empirically curve-fit using the 
Miller value for activation energy and allowing the exponent and 
pre-exponential constants to vary. 

While the current oxide thickness correlation better represents the measured 
data, appreciable scatter is still evident. The type of cycle affects the 
prediction of oxide thickness as depicted in Figure 129. This discrepancy wi 1 
be addressed in Phase II, Task VI; Empirical Oxidation Model. Results of this 
correlation are shown in Figure 129. The resulting oxide thickness expression 
used in the subsequent life correlation is: 

6 = 1.20 x 10'“’ (5.714 X 10" ® (17) 

R = 1 .987, 6 = (CM) 

T = (°K) 
t = (SEC). 
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OXIDE THICKNESS 
CALCULATED 

MEASURED 


A OXIDE EMPHASIS 5 = 1 .20 X 10“'^ (5.714 X 1 0^ A ~ 



1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 14401450 1460 1470 


INTERFACE TEMPERATURE, ”K 


2420 2440 2460 2480 2500 2520 2540 2560 2580 2600 2620 2640 


INTERFACE TEMPERATURE, <>R 


Figure 129 Oxide Thickness Ratio Used in Life Correlation 
Advanced Model Correlation 

Task II modeling employed the functional form developed in Task I which is 
reproduced below: 

N = (Ae,Me,)“ (18) 

AEr =£fo (1-6/60 +Ae,(6/6c) (19) 


Ae, = total inelastic strain of the ceramic determined by the maximum 
width of the stress-strain hysteresis loop (see Figure 129A). 


6 = A(Ce t) 


( 20 ) 


Where : 

N = Number of Cycles to Failure 
Ef = failure strain range 
= inelastic strain range 

static failure strain = 0.004 
S = oxide thi ckness 
8c = critical oxide thickness 
T = Temperature 
t = time 

AH = activation energy 
R = gas constant 
A, C, n, b = constant 


c- 3 
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Figure 129A Predicted Stress Strain Hysteresis Loop Using Walker Model 
(section 3. 2. 2. 2) 


Results of the twenty Task II tests were fit to this equation using the values 
for A, C, AH, and n discussed in the last section (Figure 129). The strain 
range exponent (b) was derived by recorrelating the Task I data with the 
preliminary life model (section 3. 1.4.1) with the oxide thickness equation 
based on the NASA data (equation lb. section 3. 2. 2. 2). Best fit values of the 
critical oxide thickness (8c) and static failure strain (-^^fo) are shown in 
Figure 130 together with the correlation achieved with these constants. 
Specific values of predicted life are listed in Table XXXIII. A computer code 
was developed under this NASA contract to make these life predictions. The 
computer code along with a Users Manual is shown in Appendix E. With the 
exception of test 16, which was a maverick in all correlation attempts, the 
model provides predictions which are within +3x of observed life for the 
remaining test specimens. 

While no specific goal was established regarding accuracy of prediction 
capability for this program, it generally is accepted that, to be useful as a 
design tool, a turbine design life prediction system should predict life 
within a factor of +2 for life critical components. Because the subject 
coating (PWA 264) currently is being used for life extension rather than as an 
integral element of component structural design, the factor of +3 is judged 
adequate for purposes of Phase I of this program. A primary goal of Phase II 
will be to improve this capability to +2 on life for "life critical" applica- 
tion of an improved TBC. This will be a challenging goal; prediction with +2X 
generally is considered a "good fit" for a single failure mode (such as 
fatigue or creep). In situations such as TBC failure, where two separate but 
interactive degradation modes are involved, +2 fit will indeed be a challenge. 
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A£|= AEfo(1 -6/5c) + Aei(6/6g 

5c 9,4 X 10“^ cm (,00037") T (OK) 
AE)o = .0040 t(sec) 



5 = 1.20E-4(5.714x lo’e- 10'’S56/RT,^ 5 
R = 1.987 


Figure 130 Life Prediction Model Correlation Using Optimized Oxide Growth Rate 
Model: Calculated vs Experimental Cycle Life 


To assess sources of inaccuracy in the Task II prediction system, the data 
were re-correlated using metal lographical ly measured rather than calculated 
oxide thickness values. Results of this correlation, shown in Figure 131, 
indicate only a modest improvement in prediction accuracy, from +3X to +2.6X 
on life. This observation suggests that the primary source of error in the 
prediction system is in the mechanical rather than the environmental part of 
the interactive model. 

Another approach employed to seek sources of error was to look at the degree 
of correlation of life with each of the primary degradation drivers. Figure 

132 shows a correlation of cyclic life with plastic strain range and in Figure 

133 is shown a correlation of estimated time at maximum temperature with 
maximum cycle temperature. Examination of these two figures shows cyclic life 
to correlate with strain range much better than temporal life correlates with 
temperature (+4.3X scatter forAe, vs +70X scatter for temperature), 
suggesting that mechanical fatigue may be the predominant driver with 
environmental degradation playing a secondary role. This observation is 
consistent with the fatigue driver being the primary source of scatter in the 
interactive model predictions. 
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CALCULATED CYCLES 








Figure 133 Time at Maximum Cycle Temperature vs. Maximum Cycle Temperature for 
Task II Tests 


3.3 Task III - Model Verification 

The objective of this task was to experimentally challenge and verify the life 
prediction model developed in Task II. The approach involved Task II type 
cyclic burner rig testing using parameters that were different from those 
employed in Task II as well as testing in a higher heat flux quartz lamp rig. 
The basis of verification involved comparison between experimental results and 
predictions of the Task II model. 

3.3.1 Task IIIA - Experimental Design 

The objective of Task IIIA was to design a set of four experiments that would 
test the validity of the model developed in Task I and refined in Task II. 

Test parameters were selected as appropriate to simulate the failure mode of 
i nterest. 

The basic test matrix designed for Task III involved four verification 
experiments (Table XXXIV). This plan included: (1) a baseline strain emphasis 
type test (2) an oxide emphasis test and (3) and (4) two mixed strain emphasis 
cycle tests in which two different strain cycles were imposed in an alternate 
sequence to determine if the linear damage accumulation form of the model is 
appropriate. 
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TABLE XXXIV 

PLANNED CONDITIONS FOR TASK III EXPERIMENTS 
MODEL VERIFICATION TESTS 


1 

Emohasis 

Maximum Cycle 

Temperature 

Interface 

Minimum Cycle 

Temperature 

Interface 

Time TolTIme AtiTiitie TolTotai Cycle 
Tmax Tmax Tmin Imin 

Comme 

nts 

Baseline - 

1149®C 

2100«F 

38®C 100®F 

1.5 min 

0 

4.5 min 

6.0 min 

No Internal Cooling 

2 

Strain 

Emphasis 

Oxide Emphasis 

1149®C 

2100°F 

427®C 800®F 

1.5 min 

6 min 

0.5 min 

8.0 min 

Internal 

Cooling Requi' 

3 

Mixed Strain 
Cycle 

Type I Cycle 

1093®C 

2000°F 

38®C 100®F 

1 . 5 min 

0 min 

4.5 min 

6.0 min 

Type I 

1500 cycles 


Type II Cycle 

1149«C 

2100®F 

38°C 100®F 

1.5 min 

0 min 

4.5 min 

6.0 min 

Type II 

- To Failure 

4 

Mixed Strain 
Cycle 

Type II Cycle 

1149®C 

2100®F 

38®C 100®F 

1 .5 min 

0 min 

4.5 min 

6.0 min 

Type II 

Seime Number of 


Type I Cycle 

1093^C 

2000®F 

38®C 100»F 

1 . 5 min 

0 min 

Cycles as 
4.5 min 

in test 
6.0 min 

Type I - 

To Failure 


Two additional tests were conducted to nominally reproduce the conditions of 
Tests 1 and 2 but with flat specimen geometry and quartz lamp heating. The key 
differences between these tests and the burner rig tests were the specimen 
radius of curvature and heat flux. Heat flux sensors employed to calibrate the 
quartz lamp heaters indicated a capability of 360 KBTU/hr-ft^ at 90°/. power; 
this is on the order of 3 1/2 times the capability of the burner rigs employed 
in this program (but still only about 1/3 typical maximum heat flux in the 
engine). To improve thermal coupling between the quartz heaters and the 
specimen and to avoid edge failures, black nickel oxide paint was applied to 
the central area of the flat panel specimen. 

3.3.2 Task IIIB - Verification Test Results/Analysis/Recommendations 

Results of the six verification tests are included in Table XXXV and are 
plotted vs. the Task II model predictions in Figure 134. These results may be 
considered to verify the Task II model will experimental lives being within + 
3X of predicted values. 

In contrast with the Task II data, where no systematic life deviations were 
observed, the model appears to be systematically under-predicting the fatigue 
driven failures and over-predicting environmentally driven failures for the 
Task III results. Currently, there is no clear evidence as to whether this 
apparent systematic deviation is real or is the result of random chance. 


182 



PREDICTED 


TABLE XXXV 

TASK III MODEL VERIFICATION - EXPERIMENTAL AND PROJECTED RESULTS 

Average T/C Average T/C mi-ai « • i. ^ t 

Maximum Cycle Minimum Cycle Hours To Cycles To Pedicted Cycles 

TpmnpraLure Temoerature Failure Failure Cycles tP Failure 


Basel i ne 
Strain 


1127°C ZObO^F 23°C 73®F 157.7 


Oxide 

1138°C 

2081°F 

481°C 

897°F 

52.8 

431 


1296 

Mi xed : 
Type I 
Type II 

1077°C 
1 154°C 

1970®F 
21 10®F 

28°C 

27°C 

83°F 

80®F 

140.4 

67.4 

1310 

665 

1975 

1380 

Mi xed : 
Type I 
Type II 

1137°C 
1 102°C 

2078®F 

2015°F 

29°C 

28°C 

85°F 

83®F 

64.2 

29.7 

602 

267 

869 

286 

Basel i ne 
Strain 

(Quartz Lamp 

1149®C 

Heater) 

2100°F 

<38®C 

<100®F 

57 

570 


223 

Oxide 

(Quartz Lamp 

1136°C 

Heater) 

2077°F 

217«C 

963°F 

91 .6 

1000 


2900 


— 




1 

\ 

\ 







EXPERIMENTAL 


Figure 134 Task II Verification Test Results Predicted Using the Advanced 
Model Correlation (section 3. 2. 2. 2) 




Of particular significance in the Task III results is the ability of the model 
to predict results of the quartz lamp tests with accuracy comparable to 
predictions for the burner rig tests upon which data the model is based. Two 
significant differences of the quartz lamp tests are the specimen geometry 
(flat vs cylindrical for burner rig) and the heat flux. The significance of 
the geometrical difference is its affect on the difference in radial stress 
state in the ceramic layer. Whereas the cylindrical geometry is expected to 
develop a small radial stress component resulting from differences in 
expansion between concentric circular cylinders, the flat specimen, ideally, 
should be free of this stress component. Apparently, this difference has 
little influence on the ceramic spallation life. The difference of heat flux 
results in two differences in thermal conditions between the quartz lamp and 
burner rig specimens. First, transient heating rates are substantially 
different, with the quartz lamp heating rate being about three times faster 
than that achieved in the burner rig. Second, the thermal gradient through the 
ceramic thickness is about four times 1 arger 39“C (=^250°F) in the quartz 
lamp specimen. The ability of the model to predict the higher heat flux test 
with accuracy equal to that achieved in the burner rig is highly encouraging 
since the quartz lamp test is a much better simulation of engine conditions 
than the burner rig. 

As mentioned previously. Tests 3 and 4 were conducted to determine if sequence 
of damage accumulation influenced life and the predictive capability of the 
model. In Test 3, the specimen accumulated damage at a low rate (low strain 
range) for approximately 1400 cycles and then was "uploaded" to a higher 
strain range by increasing peak temperature from 1093“C (2000°F) to 1149°C 
(2100°F). Specimen 4, on the other hand, accumulated damage at a high strain 
then range initially and then was "downloaded" from 1149°C (2100°F) to 1093°C 
(2000°F) peak temperature and cycled to failure, which occurred shortly after 
downloading. While the two specimens did not run at exactly the same nominally 
corresponding temperatures because of non-optimum temperature control, the 
comparison of results shown in Figure 135 is nonetheless interesting. First, 
consistent with the earlier observation that the model consistently 
under-predicted the strain emphasis tests in this task, both tests ran longer 
than predicted. More importantly, however, an apparent sequence effect was 
observed, with the uploaded specimen having a substantially longer life than 
the downloaded specimen, despite the difference of actual test temperatures. 
This result indicates that further modeling refinement would be desirable to 
account for sequence-of-damage effects. 

3.3.2. 1 Task IIIB - Mi crostructural Evaluation 

Figures 136-140 present selective photo macro/micrographs from 
post-verification test specimens. Figure 136 shows the baseline strain 
emphasis test microstructure. It is apparent that after ~1500 cycles only a 
small amount of the bond coat. Beta (NiAl) phase, has been exhausted to create 
a very thin <0. 00254mm (0.00010") continuous AI 2 O 3 layer. One unusual 
observation is that spalling had occurred in two separate locations. 

Figure 137 shows the oxide emphasis test which after <500 cycles exhibits 
nearly complete exhaustion of the Beta phase in the bond coat near the spalled 
location. A very thick bond coat surface oxide layer has been formed, and fine 
in-plane cracks are observed within the AI 2 O 3 layer itself. 
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Figures 138 and 139 show the mixed strain cycle microstructures. As expected 
thi greater accumulation of test hours to failure exhibits 

thicker bond coat scale and a higher degree of Beta phase coarLn?ng 


Figure 140 shows the strain 
exposure for%570 cycles in 
the ceramic blister. The mi 
cracking. OIn the oxide emph 
formation was also observed 
formed early in life, event 
hot zone location. However, 
failure in that ceramic spa 
such that a thin layer of r 
when the bulk of ceramic ha 


emphasis test specimen microstructure after 
the quartz lamp heater. Sections were made through 
crostructure exhibits some segmentation 
asis quartz lamp heater test, ceramic blister 
in the hot zone location. This blister, which 
ually initiated ceramic spallation of 407, of the 
the failure mode is similar to burner rig specimen 
Ming occurs just above the metal-ceramic interface 
emnant ceramic is still adherent to the bond coat 
s spal 1 ed away. 
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Figure 135 Temperature vs. Cycles to Failure for Task III Mixed Strain 
Emphasis Tests 
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( b) 

Fiqure 136 HT-46 Strain Emphasis Burner Rig Verification Test W\ 

(a) Photomacrograph of Failed Specimen 

(b) Post-Test Microstructure 
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4.0 CONCLUSIONS 


This final report covers the work accomplished in Phase I of the program. This 
phase was directed towards identification and modeling of predominant TBC 
failure modes. It consisted of three technical tasks, the conclusions of which 
are discussed below. 

The objective of Task I was to identify predominant TBC failure modes and 
develop a preliminary life prediction model. A series of critical experiments 
were designed and conducted to accomplish this task. Results of these 
experiments are listed below. 

Task I Conclusions: 


o NiCrAlY oxidation is a significant life driver. Low cycle rate furnace 
testing in air and argon showed a dramatic increase in spalling life for 
exposure in a nonoxidizing environment. Elevated temperature 
pre-exposure of the TBC in air caused a proportionate reduction in 
post-exposure cyclic thermal spalling life, whereas TBC pre-exposure in 
argon did not. 

o TBC spallation results from progressive damage. Interrupted burner rig 
tests showed that the predominant ceramic failure mode, near interface 
ceramic spallation, results from subcritical microcrack link up to form 
a dominant near-interface, in-plane crack. Bond coat oxidation was not 
conclusively shown to initiate these subcritical cracks. 

o Ceramic thickness affects coating longevity. Thin coatings (0.127mm 
(0.005")) showed an increase in spalling life while thick (0.138mm 
(0.015")) coatings showed a decrease as compared to baseline thickness 
of 0.254mm (0.010"). 

o Cyclic Hot Corrosion was found to be a secondary failure mode. The TBC 
was shown to be highly resistant to thermochemical degradation in 
contaminated fuel burner rig experiments. 

o Mechanical Properties of the bulk ceramic were shown to be highly 
uncharacteristic of classical ceramic materials. The plasma sprayed 
ceramic exhibits a nonlinear ambient and elevated temperature 
stress-strain response in uniaxial tension and compression, a strong 
creep response and extremely stress sensitive fatigue behavior. 

o A preliminary life mode! was developed. This model focused on two life 
driving parameters: thermomechanical and oxidation. Environmental 

damage was analytically accounted for in the model by influencing the 
intensity of the mechanical driving force. 

o Verification tests showed that the an environmentally modified 

Manson-Coff in type fatigue model was a good functional form for life 
prediction of the TBC. 
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The objective of Task II was to build an advanced TBC life prediction model. 
Experiments designed, conducted, and analyzed covered a wide range of damage 
parameter intensities in order to provide a data base for correlation of the 
life prediction model developed in Task I. The advanced model was established 
through improved bond oxidation and bulk ceramic behavior modeling. 

Task II Conclusions: 


o Twenty critical experiments were designed by using the Task I 

preliminary life prediction model to predict range of damage and hence 
dictate testing parameters. 

o Twenty single specimen design data tests were conducted and successfully 
used to identify the life prediction model constants, 6c andAEfo-. 

o The Kevin Walker Constitutive Model was successfully adapted and used to 
predict stress-strain hysteresis loops for the bulk ceramic outer layer 
in the life prediction mode. 

o Oxidation test data obtained from the NASA program manager was used to 
create an improved bond coat oxide growth rate equation. 

o The advanced life prediction model correlated all the Task II data which 
represented an extremely wide damage parameter space. This data was 
correlated within a factor of +3X. 

The objective of Task III was to design and conduct verification experiments 
which challenged the advanced, synergetic life prediction model developed. 

o Six experiments were designed and conducted to verify the validity of 
the life prediction model. The experimental data was predicted within a 
factor of +3X. Two of these six experiments were conducted at heat flux 
levels substantially closer to engine conditions than those used to 
generate the model . 
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Figure A-3 Task I Furnace Test Results; Weight Change Versus Cycles for 1149»C 
(ZIOO^F), Argon, 80 Hour Cycle 
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Figure A-4 Task I Furnace Test Results; Weight Change Versus Cycles for 1204°C 
(2200°F), Air, 10 Hour Cycle 
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A-5 Task I Furnace Test Results; Weight Change Exposure Time for 
Fractional Exposure Test. H49“C (2100“F). Air. 15 Hour Cycle 







APPENDIX B 

CYCLIC BURNER RIG TEST DETAILS 

controlled using an optical aSJlat^c c*Sfe?^ 

During rig operation the fuel pressure is regulated automatically to maintain 
the desired temperature. To provide cyclic cooling, the burner is automati- 
cally moved away from the specimens for the cool-down portion of the cycle 
during which a compressed air blast Is applied to the specimens. The test rlq 
IS shown in Figure B-1. Testing Is Interrupted approximately every 20 hours to 
allow for visual examination of the specimens. Failure is considered to have 
occurred when spallation occurs over approximately 50 percent of the "test" 
zone of the bar. The "test" zone Includes an area which is approximately 2.5 
cm (1 inch) long at the center of the exposed portion of the bar, having a 
uniform temperature during testing. This failure criterion recognizes that 
some ceramic loss may occur without severe degradation of the protective 
nature of the ceramic. It should be noted that, once initiated, spallation 
failure propagates relatively rapidly so that, the stated coating life is not 
highly sensitive to end point definitions. 

In order to further maintain of reliable test temperatures with good 
repeatability, one of the twelve 12.7mm (0.5") diameter test bars was replaced 
with a coated specimen with two internal passages for the routing of 
thermocouple sensors. One passage was an axial hole 4.318mm (0.170") diameter 

length of the specimen. The other hole also penetrated the 
bar parallel to the axis but was located 50% of the distance between the 
circumference of the aforementioned 4.138mm (0.170") hole and the outside 
diamepr of the specimen. This passage extended approximately 31.75mm (1 25") 

<0 040") diameter to accept a 

0.8128mm (0.032 ) thermocouple sensor. The specimen geometry is shown in 
7 J f specimen is installed in the test cluster with the sensor 
located in the trailing edge or Inside diameter wall of the bar. Thermocouple 

tr^record^ng^devUe ^P^^imen drive unit through a slip-ring and flnafly 

By correlating optical pyrometer values with thermocouple readings optical 
controller set points are established daily with the thermocouple , ’thus 

em?ssiJ?trchangIs^^^ specimen temperature resulting from gradual ceramic 
longitudiJarpJ?nts°i^thTs^c?^^^ S^one"’’"^*’"^ different 
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Figure B-1 
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Figure B-2 Schematic Diagram of Cyclic Burner Rig Test Apparatus for Task I 
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APPENDIX C 


CORROSION BURNER RIG TEST DETAILS 

A cyclic hot corrosion test was utilized in Task I to aid in defining the 
capability of the coating system under simulated field service conditions. 
Specific test conditions were selected to model a mixed oxidation-hot corrosion 

IvnLn^ relatively high temperature aircraft turbine 

exposure with clean fuels and moderate atmospheric contaminants. 

Intensive study of hot corrosion phenomena at Pratt & Whitney has shown that 
the primary contaminants responsible for hot corrosion attack in aircraft 
turbine engines operating on clean fuels are sea salt from near ground level 
air (ingested during take-off) and sulfur trioxides from the combustion gases 

corrosion mechanisms has shown conclusively 

salt deposits by sulfur trioxide is critical- 
ly related to turbine hot corrosion and that meaningful laboratory hot 
corrosion testing reguires that the activity of SO 3 be maintained at levels 

5 ° Accordingly, the hot corrosion test rig 

used in Task I provides for control of both salt contaminant loading and fo? 

control of combustion gas composition by effectively limiting excess dilution 
1 r . 


corrosion exposure evaluation was specifically 
for evaluation of turbine materials in contaminated environmenta/ 
conditions^ The rig is similar to -hat previously described in Appendix A for 
oxidation test evaluation in that it maintains full automatic control of test 
temperature and cooling cycles and features a special rotating specimen 
mounting fixture with internal specimen cooling air. This fixture provides for 
simultaneous testing of twelve air-cooled specimens. There is alL ^roJiHon 
for metered injection of contaminants to allow accurate simulation of aircraft 
turbine environments. Temperature control of the hot corrosion test rig is 
conducted in the same manner as previously discussed for oxidation test rigs. 

The major modification in the hot corrosion test rig is that the cooled 
specimen cluster is operated inside a burner exhaust gas duct as shown 
schematically n Figure C-1. This duct exhaust allows specific restMction 

IpSpro/I^h"^’ and consequently provides for optimum control of the 

level of exhaust gas sulfur and air contaminants. 


of 


conditions used in Task I simulate typical hot 

Se ec Sn T he ^"^Ine operation, 

rondif nn. thl? i Ceramic surface temperature was based on 

occurs ?hp 5 p.F rwrL %r"^°’' atmosphere contamination 

\ I ? ll "'pT oxidation testing, 

i.e., 57 minutes in the flame and 3 minutes for air cooling. 
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CONTAMINANT SOLUTION INJGCTEO 
f JUST BEFORE COMBUSTION 

at SWIRLER plate 

1| ^S02 INJECTION 





Figure C-1 


Schematic Diagram of Ducted Burner Rig Test Apparatus for Task I 
Hot Corrosion Exposure. Test specimens are enclosed to allow 
precise control of SO3 and other contaminants. 
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APPENDIX D 


EXPERIMENTAL PROCEDURES USED TO MEASURE PHYSICAL PROPERTIES 

IhermalCo^ - A comparative method was used to determine thermal 

conductivity. The sample was instrumented with thermocouples and placed 
between two instrumented reference standards of identical geometry to the 
sample. The composite stack was fitted between an upper heater and lower 
neater, and the complete system was placed on a liquid cooled heat sink. A 
oad was applied to the top of the system and a thermal guard which could be 
heated or cooled was placed around the system. 

A temperature gradient was established in the stack; radial heat loss was 
minimized by establishing a similar gradient in the guard tube. The system 
reached equilibrium after which successive readings of temperatures at various 
points were averaged and evaluated. From this data, heat flux was determined 
i vv?T conductivity was calculated. The results are shown in 
Tables XIX and XXII of the mam body of this report for the bulk ceramic and 
metallic specimens, respectively. 

~ specific heat was determined using a high temperature 
copper drop calorimeter. The sample was attached to a 3mm platinum 
support wire and suspended vertically at the center of a three-zone controlled 
temperature furnace with the sample resting upon the receiver below it. 

Thermocouples were attached such that junctions touched the sample near the 
top and bottom. 

The sample was allowed to attain a selected equilibrium temperature for a 
period of time on the order of 1-2 hours then regular readings of the thermo- 
coup e were taken _ At a given time, the radiation shields moved to allow the 
cM m come to rest in the receiver. When the sample came to rest, 

e returned to the original position to reduce any radiation heat 
transfer from the furnace to the receiver or convective and radiant heat 
transfer from the receiver to the outside. The temperature of the copper 
receiver was taken regularly. Following a drop, the receiver system was 
allowed to come to equilibrium on the order of two hours. The specific heat 

i'r.Sown" n by differentiation and substitution and 

rL!i?r M and XXIII of the main body of this report for the bulk 

ceramic and metallic specimens, respectively. 

temperature length of each specimen was measured 
before the test. The specimen was then placed in an electronic automatic 
recording dilatometer and a thermocouple placed in contact with the center of 
the sample. An environmental chamber which controlled the temperature at 
constant rates surrounded the system. The dilatometer was allowed to run with 
length and the temperature recorded continuously and autograph! cal ly The 
results tested are given in Tables XXI and XXIV of the main body of this 
report for the bulk ceramic and metallic specimens, respectively. 
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APPENDIX E 


STRESS-STRAIN AND CREEP CURVES FOR ALL MECHANICAL PROPERTY 
TESTS CONDUCTED AT SOUTHWEST RESEARCH INSTITUTE 
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Figure E-1 Compression Stress-Strain (538“C (1000°F)) 
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SAMPLE NUMBER CP27001A 
TEST TEMPERATURE: 871°C (1600 °F) 
STRAIN RATE: .001 /SEC 



Figure E-2 Compression Stress-Strain (871“C (1600°F)) 
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COMPRESSIVE STRESS (KSI) 


SAMPLE NUMBER CP27001B 



Figure E-4 Compression Stress-Strain (1204“C (2200“F)) 
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SAMPLE NUMBER CP27002 
TEST TEMPERATURE; 1204°C (2200 °F) 
STRAIN RATE; .001 /SEC 
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Figure E-5 Compression Stress- 


Strain (1204°C (2200°F)) 
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SAMPLE NUMBER EC1 
TEST TEMPERATURE: 24»C (75®F) 
STRAIN RATE: .001 /SEC 



Figure E-7 Tension Stress-Strain (24°C (75“F)) 
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SAMPLE NUMBER CP24 
TEST TEMPERATURE: 538°C (1000 °F) 
STRAIN RATE: .001 /SEC 



Figure E-8 Tension Stress-Strain (538“C (1000°F)) 
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SAMPLE NUMBER EC2 
TEST TEMPERATURE: 538°C (1000 °F) 
STRAIN RATE: .001 /SEC 
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Figure E-9 Tension Stress-Strain (538*C (1000'’F)) 



TENSILE STRESS < 




SAMPLE NUMBER CPI 4 
TEST TEMPERATURE: 871 °C (1600 °F) 
STRAIN RATE: .001 /SEC 
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Figure E-11 Tension Stress-Strain (871®C (1600“F)) 
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SAMPLE NUMBER CP21 
TEST TEMPERATURE: 1093°C (2000 °F) 
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Figure E-12 Tension Stress-Strain (1093“C (2000°F)) 
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TEST TEMPERATURE: 1 204°C (2200 °F) 
STRAIN RATE: .001 /SEC 


0.00 1 “ 


0 It 


■ 

/ 




hf 

B 

I 


-L 


0.00 


.050 


100 .150 .200 

TENSILE STRAIN (%) 


.250 


Figure E-14 Tension Stress-Strain (1204°C (2200“F)) 
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TENSILE STRESS (KSI) 


SAMPLE NUMBER EC4 
TEST TEMPERATURE: 1 204°C (2200 °F) 
STRAIN RATE: .001 /SEC 
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Figure E-15 Tension Stress-Strain (1204°C (2200"^)) 
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TEST TEMPERATURE: 982°C (1800 °F) 
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Figure E-16 Compression Creep (982®C (1800°F)) 
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SAMPLE NUMBER CP27005 
TEST TEMPERATURE; 982°C (1800 °F) 



Figure E-18 Compression Creep Stress-Strain (982°C (1800°F)) 
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Figure E-20 Compression Creep Strain-Time (982'’C (1800°F)) 




COMPRESSIVE STR 




LUMPRESSIVE STRAIN (%) 


SAMPLE NUMBER CP27007TM 
TEST TEMPERATURE: 1 204°C (2200 °F) 
STRAIN RATE; CREEP/SEC 



Figure E-22 Compression Creep Strain-Time (1204°C (2200"F)) 
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SAMPLE NUMBER CP27008TM 
TEST TEMPERATURE: 1 204°C (2200 °F) 
STRAIN RATE: CREEP/SEC 
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Figure E-24 Compression Creep Strain-Time (1204°C (2200°F)) 
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SAMPLE NUMBER CP27009TM 
TEST TEMPERATURE: 1204°C (2200 °F) 
STRAIN RATE: CREEP/SEC 



Figure E 26 Compression Creep Strain-Time (1204“C (2200°F)) 



SAMPLE NUMBER CP27010 
TEST TEMPERATURE: 1 204°C (2200 °F) 
STRAIN RATE: CREEP/SEC 



Figure E-27 Compression Creep (1204“C (2200°F)) 


230 




SAMPLE NUMBER CPI 2A 
TEST TEMPERATURE: 538°C (1000 °F) 
STRAIN RATE: CREEP/SEC 
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Figure 


E-29 Tension Creep (538"C (1000“F)) 
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Figure E-30 Tension Creep Strain-Time (538“C ( 
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Figure E-32 Tension Creep Strain-Time (982°C (1800‘T)) 
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E-33 Tension Creep (982“C (1800*F)) 
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Figure E-34 Tension Creep (982°C (1800“F 
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TEST TEMPERATURE: 1 204° C (2200 °F) 
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E-35 Tension Creep (1204“C (2200 F)) 
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APPENDIX F 


USER'S AND PROGRAMMER'S GUIDE TO TBCLIF 


1.0 INTRODUCTION 


TBCLIF Is a computer code written by the Southwest Research Institute 
(SwRI) for Pratt & Whitney Engineering (PWEO). The code analytically predicts 
the life (in terms of thermal cycles) of components coated with PWEO's 
metallic bond-ceramic thermal barrier coating system, known as PWA 264. 

TBCLIF was written in partial fulfillment of Task Id of PWED’s contract 
NAS3-23944 with NASA. The program and its documentation were written in 
accordance with PWED's guidelines for externally generated software. It is 
written entirely in FORTRAN IV and has been executed on an IBM 4340 series 
computer using the CMS operating system. 

The thermal barrier coating TBC life prediction model used in TBCLIF was 
developed during the summer of 1985. The model is preliminary, additions and 
improvements may be added later. The life prediction model considers TBC 
failure to be a function of two processes: oxide growth at the bond coat and 
cyclic plastic strain damage. Life of TBC systems is predicted by 
calculating, on a cycle-by-cycle basis, the cummulative "damage" accrued by 
the TBC system. (One defines "damage" in this context as the percentage of 

life used during the cycle.) Such damage is accumulated using Miner's Rule, 
i.e. if the damage in one cycle is 

d = 1/N. 


then the cummulative damage is 


( 1 ) 



At an, point in the themo-mechanical load history of the TBC system, the 
value of K, is a non-linear function of the current oxide thickness and the 

cyclic pidstic strain* 

In this guide, the details of TBC life prediction are described from the 
technical /theoretical, programmer's and user's perspectives. A principal 
Objective of this report, however, is to describe TBCLIF's organization and 
use. Hence, emphasis has been placed on sections dealing with these topics. 
For further details regarding theoretical/technical aspects of TBC failure. 

consult references 11-6]. 

2.0 LIFE PREDICTION METHODOLOGY IN TBCLIF 

Failure of the thermal barrier coating is currently believed to be the 
result of the two independent processes: bond oxidation and plastic work. The 
bond coat oxidation process results in a net gain in material at the bond- 
ceramic interface. The oxide forces the bond coat radially outwards and 
creates asperities (stress concentrations) along the ceramic-bond interface. 
Growth of oxide clearly affects the lives of TBC experimental specimens 17|: 
TBC systems in environments conducive to high oxide growth rates are 
significantly shorter than those in inert environments. Exactly how oxide 
reduces the life of the barrier coatings is not totally clear. Plastic work, 
on the other hand, is believed to cause micro-crack formation and growth, 
reducing the strength capacity of the ceramic coating. The life prediction 
algorithm developed by SwRI states that the coating life is proportional to 
the thickness of the oxide at the bond coating and the cyclic plastic 
strain. The model follows the form of the Coff in-Hanson equation 

N = (aep/Ar^) 
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In (3), Ae^ is the failure strain of the TBC and is the plastic 
strain per cycle. The magnitude of the failure strain, Ac^, is 
influenced by the amount of oxide present, and the magnitude of the 
cyclic plastic strain. Cyclic plastic strain, Ae , is given by the 
total of all cyclic plastic strain effects 

AEp =A£o/yoT -i-AEh +AEc (4) 

whereAEp^oT is the total plastic thermal mismatch strain for a mature 
cycle, andAE„ andAE^ are additional plastic strains, perhaps due to 
heating and cooling which are not Included inAEp^oT. 

The failure strain in (3), Ae^, is represented as a combination of the 
single cycle (static) failure strain, and the applied plastic strain 

Substituting (5) into (3) results in the life algorithm used in TBCLIF 

N = [(Ae^^/Aep)(l-t/t^)‘=+ E(t/t^)‘‘]‘' (6) 

The first term in the square brackets can be considered the cyclic damage 
term, while the second can be considered the damage done by oxidation of the 
bond coat. Because bond coat oxidation occurs during thermal cycling, the 
value of t in (6) changes with time. Miner's Rule must be used in conjunction 
with (6) to assess the life of the TBC system. 
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The magnitudes of the single cycle failure strain, and the 

exponents b. c, d and E in (6) are TBC system dependent. They are empirically 
derived by fitting the life model to experimental data. A difference 
minimization technique is typically used to establish model variables that 
have the least sum of squared differences between predicted and experimental 
lives. Variables b, c, and d are hereinafter referred to as the model 

parameters . 

The current thickness of the bond coat oxide layer, t, in (6) is computed 
using the PWEO oxide growth model for uniform exposure time x(secs.). 


where Kp is the parabolic rate constant, and is given by a function containing 
the activation energy, aH , gas constant R. and ceramic temperature, T. 

K = B exp(-AH/RT) (8) 

P 

Bond coat oxidation thickness is updated after the completion of every thermal 
cycle in TBCLIF. 

In experimental work performed at PWEO, many TBC specimens were pre- 
exposed to an oxygen environment with a high, but constant temperature. Such 
experiments induced an oxidation layer on the bond coat before thermal cycling 
began. Lives of such specimens were uniformly lower than those of nonpre- 
exposed specimens undergoing identical thermal cycles. In TBCLIF such pre- 
exposure must be accounted for to accurately predict the lives of such 
specimens. Because the exposure temperature is constant, the oxide thickness 
at the end of the exposure period is calculable directly from equations (7) 

and (8). 
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To obtain a predicted life for the thermal barrier coating system, the 
cyclic plastic strain, single cycle failure strain and the critical thickness 
for the ceramic coating must be known, as well as the oxidation 
characteristics (coefficients of equations 7 and 8) of the bond coat. The 
amount of damage to the TBC system is computed at the end of every thermal 
cycle In TBCLIF. When the cumulative damage equals or exceeds 1.0, failure Is 
presumed to occur and the total number of completed thermal cycles at that 
point Is taken as the predicted life. 

3.0 THE PROGRAMMER'S GUIDE TO TBCLIF 

Figures F-1 and F-2 indicate the structure and logic of execution of 
TBCLIF. As can be seen from the charts. TBCLIF Is highly modularized, "top 
down" code, with all major computations performed In subroutine programs, the 
main program consisting primarily of subroutine calls. All real variables and 
arrays In TBCLIF are double precision. I.e. eight bytes long on IBM 
mainframes. 

Execution In TBCLIF proceeds In three phases: reading of Input oata and 
preliminary calculations, calculations of oxide thickness and TBC damage, and 
finally, results presentation. Subroutines INPUT, PREXPO. BLKDAT. INCREM and 
PLSTRN, constitute the first program phase; GROWTH, DAMAGE and CHECK make up 
the calculational phase; and the PRINT and MESAG subroutines present results 
and error messages. Execution flow during the Input phase Is Illustrated in 
Figure F-1; the logic of computing oxide growth, damage, and TBC failure are 
somewhat more complex so these subroutines have been Illustrated separately 
in Figure F-2. 

INPUT and BLKDAT read the problem constants and thermal cycle 
characteristics, respectively, from the local file attached to logical unit 
NIN. These two subroutines also echo the Input data on the file attached to 
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togical unit NOUT. Note that INPUT is called only once during program 
execution^ while BLKDAT is called once for each block of thermal cycles. 

Thermal Cycles within a block are presumed to be identified. Table F-I lists 
the variables and constants passed to and from these subroutines via the 
subroutine argument list and common blocks. 

PREXPO, INCREM, and PLSTRN subroutines compute the bond coating oxide 
thickness at the end of the pre-exposure period, constants controlling the 
printing of intermediate results, and the total cyclic plastic strain. Table 
F-I lists the variable and constants passed to and from these subroutines via 
common blocks or the subroutine argument list. 

The calculation subroutines, GROWTH, DAMAGE and CHECK, are called within 
a program loop that repeats until TBC failure is predicted, or the total 
number of cycles associated with the current block has been applied (See 
Figure F-2. This loop is, in turn, nested inside another program loop 
beginning with the call to BLKDAT (See Figure F-1). Program control passes to 

the "BLKDAT" loop when multiple blocks of cycles are to be applied; if failure 
of the TBC has not occurred during the current set of cycles, another set of 
cycle characteristics is read from the input file and the additional damage 
calculated. 

GROWTH integrates the oxide thickness growth model with respect to pre- 
exposure time and returns the current thickness at the end of each thermal 
cycle. This information is then passed to subroutine DAMAGE, along with the 
cyclic plastic strain. DAMAGE computes the additional damage done by the new 
thermal cycle. CHECK sums this additional damage to the cumulative damage 
value and compares the new total to 1.0. Table F-I summarizes variables and 
common blocks associated with these routines. 
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Figure F 3 illustrates the integration process used in GROWTH. The user 
supplies the thermal cycle time/temperature history. GROWTH then computes 
the parabolic rate constant. K„ for a temperature at the beginning of a 
time interval. Using this the oxide thickness at the beginning and the 
end of the time interval is found from the expression for oxide growth (7). 

In this equation, r is an effective time, t*. t* is equal to the time 
required to generate the accummulated oxide thickness with the parabolic 
rate constant. K, computed at the beginning of the time interval. The 
difference In oxide thickness at the beginning and end of the time interval 
is found and added to the previous oxide thickness. This process is repeated 
for all time intervals In the thermal cycle, thus detemining the oxide 
thickness during the cycle. 

AMAGE uses the current value of oxide thickness, model parameters and 
the cyclic plastic strain to compute a life. N,. (see equations (I) and (2) ) 
for these conditions. Since one cycle has elapsed, the TBC damage accrued 
during the cycle is 1/N, . CHECK sums this value to the cumulative damage from 
previous cycles and compares the result with 1.0. If the total 

damage equals or exceeds 1.0 execution halts and appropriate error messages 
are printed In the output file. 

The PRINT subroutine presents the current value of TBC damage, oxide 

thickness, critical thickness ratio, and the number of elapsed cycles (both 

total. and within the current block of cycles) in tabular format. Table F-I 

Indicates the variables, constants and common blocks associated with this 
routine. 
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4.0 THE USER'S GUIDE TO TBCLIF 

Using TBCLIF is straightforward. Because TBCLIF is designed to run in 
the batch execution mode, two files must be created by the TBCLIF user: a job 
control file and the data Input file. Ko other action Is required of the user 

to run TBCLIF. 

The job control file must make the data Input file available for reading 
by TBCLIF. call TBCLIF for execution, and save the output In permanent storage 
If required. An example Job control file for CHS operating systems Is 
provided in Appendix A. Note that the Input file Is attached to logical unit 
five, and output/results file to unit six. These logical unit numbers are 
specified within the main program of TBCLIF and can be changed. If necessary. 

The Input data file consists of two portions: the first nine records of 
data contain analysis type and pre-exposure data; the remaining cards contain 
thermal cycle data for each of the blocks of cycles to be applied to the TBC 
system. Six cards are required to describe each block of thermal cycles. The 
last card In the data file must be a *EN0 card. Table F-2 Is reproduced from 
the TBCLIF listing and describes In detail the structure of the Input data 


file. 

Output from TBCLIFE consists of four parts; 1) an echo of the analysis 
and pre-exposure characteristics, 2) a statement of the life equation 
parameters. 3) an echo of the temperature-time histories of the applied 
thermal cycles, and 4) a table of the final and intermediate results. Figures 
F-4 through F-6 illustrate typical program output. 

Appendix A provides the user with a program listing, job control file, 
input and output from a typical TBCLIF run. The analysis and pre-exposure 
conditions for the example are given in Figure F-4. 
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Figure F-1 


Execution Flow During Data Input Phase 










from Figure F-i 



Figure F-2 Execution Flow During Calculatlonal Phase 
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LIFE EQUATION COEFFICIENT 


PUSTIC STRAIN DUE TO COOLING FLUX (DELEPC) = O.OOOOEtOO 

FUSTIC STRAIN DUE TO HEATING FLUX (DELEPH) = O.OOOOE+00 

PUSTIC STRAIN DUE TO THERMAL MISMATCH .• ( OADT ) = 0.1Z5SE-0Z 
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F_5 output me Echo of Thermal Cycle of Temperature History 



or:g!NAL p' ge is 

OF POOR QUALITY 



Figure F-6 Tabulated Output From 


Table F-I 

variables and Arrays Used In Subroutines 


VAKIABLE OB bSEO I» SUBROUTINE 

ARRAY 


PASSED 

VIA 


A 

B 

c 

C2 

CMMENT 

CURCYC 

CYCBLK(I) 

CYTIME(I) 

D 

DADT 

DAMCYC 

DAMISN 

DELEPC 

DELEPF 

DELEPH 

DELEPP 

DELGRW 

DELH 

FLAG 

HEADNG 

I CODE 

ICYCLE 

IDUM 

INCH 

KP 

N 

NBLK 

NBLOCK 

NCYC 

NIN 

NOUT 

NT 

NTIME 

NUM 

NUMBLK 

R 

REMAIN 

STOP 

TEMP 

THKl 

THK2 

THKCRT 

THKFUR 

THKNES 

TIMFUR 

TMAX 

TMNEWl 

TMNEW2 

TMPFUR 

TMPINF(I) 

YPQN 


Input, Prexpo, Grovrth 

Input, Damage 

Input, Damage 

Input, Prexpo, Growth 

Blkdat 

Print 

Input , Print 
Blkdat, Growth 
Input, Damage 
Blkdat, Plstrn 
Check 

Check, Print 
Blkdat, Plstrn 
Input, Damage 
Blkdat, Plstrn 
Plstrn, Damage. , Print 
Growth 

Input, Prexpo, Growth 


Blkdat 
Input 
^esage 
Growth, 

Blkdat, 

Increm 
Prexpo, 

Damage 
Print 
Blkdat 
Increm 
Input, 

Input, 

Growth 
Blkdat 

Increm, Mesage 
Input 


Print 

Growth 

Growth 


Blkdat, Check, Print, Mesage 
Blkdat, Check, Print, Mesage 






Increm 

Check 

Prexpo, Growth 

Growth 

Growth 

Input. Damage. Print 


Prexpo 

Growth, Damage, Print 

Input, Prexpo 

Growth 

Growth 

Growth 

Input, Prexpo 
Blkdat. Growth 

Tnpiit , Prpxno. GrowiII 


Cnst 
Inpt 
Inpt 
Cnst 
Internal 
Internal 
*Arg. list 
Tmiv 
Inpt 

Arg. list 
Arg. list 
Arg. list 
Arg. list 
Inpt 

Arg. list 
Arg. list 
Internal 
Cnst 

Arg. list 
♦Internal 
Arg. list 
Arg. list 
Internal 
Arg. list 
Internal 
Internal 
Arg. list 
Arg. list 
Arg. list 
loun 
loun 

Internal 

Tmiv 

Arg. list 
Arg. list 
Cnst 

Arg. list 

Arg. list 

Internal 

Internal 

Internal 

Arg. list 

Arg. list 

Arg. list 

Furn 

Internal 

Internal 

Internal 

Furn 

Temp 

Cnst 


♦Note . 


^ ’ refer to subroutine argument 

lf,?and^tnternalli"«:neratad varlabloa. reapectively . 
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LEVEL 2 
IF 00 


Table F-2 

Characteristics of Input 


Data 


INPl/T DATA: 


THERE ARE TWO PORTIOMS OF INPUT DATA. THE FIRST PORTION 
CHAINS THE GENERAL INFORMATION FOR THE WOWAM. THE SECOND 
repetitive data arranged in DATA BLOCKS 

begins HITH A COftlENT CARD, »BLOCKN. AN 
END CARD IS USED TO TERMINATE THE EXECUTION OF THE PROGRAM 
AND DESIGNATES THE END OF THE INPUT DAT^ DATA INPU^Jf^N 

'"*'**'' * RECOpdXh c5m*s 


PORTION I. 
CARD » 


ITEMS 

HEADNG 


data type 


REMARKS 


CHARACTER 

STRING 


c 

c 

2 

NUMBLK 

INTEGER*^ 

C 

c 

C 

c 

3 

CYCBLK( I ) 
(1=1. NUMBLK) 

INTEGER*»<> 

c 

C 

C 


A, OELH, R, 

REAL»8 

c 

c 

5 

C2, XPON 

REAL«*8 

C 

c 

6 

THKCRT 

REALttd 

c 

c 

7 

timfur 

REAL*8 

c 

c 

8 

TMPFUR 

REAL«a 


TEM00160 
TEM00170 
TEM00I80 
TEM00190 
TEM00200 
TEM00210 
TEM00220 
TEM00230 
TEM002AO 
TEM00250 
TEM00260 
TEM00270 
TEM00280 
TEM00290 
TEM00300 

GENERAL PROBLEM DESCRIPTION CATEM00310 

( UP TO 80 CHARACTERS ) TEM00320 

TEM00330 

TOTAL NUMBER OF BLOCKS TEM003A0 

( UP TO 7000 ) TEM00350 

TEM00360 

NUMBER OF THERMAL CYCLES IN EATEM00370 

( COULD BE MORE THAN ONE CARO TEM003S0 
TEM00390 

ARHENIUS EQUATION COEFFICIENTSTEMOO AOO 

( OELH > 0.0 I TEMOOAIO 

TEM00^20 

OXIDE GROWTH EQUATION COEFFICITEM00^30 
TEMOOAAO 

CRITICAL OXIDE THICKNESS TEMOO'iSO 

TEM00A60 

PRE-EXPOSURE TIME IN THE FURNATEM00<»70 
TEM00480 
TEM00490 

PRE-EXPOSURE FURNACE TEMPERATUTEM00500 


.1.1 (SEPT 1986) 


VS FORTRAN 


DATE: JUL 29, 1987 TIME: 12:^2:39 


ISN 


NAME: MAIN 


C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

c 

c 

C 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


. * . . . 1 . . 


.3 

9 

DELEPF,B,C,D,E 

REALMS 

PORTION 

II. 


10 

•wBLOCKN' 

CHARACTER 

STRING 

11 

DELEPC.DELEPH 

REALMS 

12 

DAOT 

REAL*8 

13 

NTIME 

1NTEGER*4 

19 

CYTIME(L) 
(L=l .NTIME) 

REAL«8 

15 

TMPINFC L) 

( L=1 , NTIME) 

REAL«8 

16 

*«END* 



COMMENT CARD 

( N IS THE BLOCK NUMBER. ) 


NOTE: 


CAROS 10, 11. 12, 
REPEAT CARDS 7 TO 


13, lA AND 
IS NUMBLK 


(DEGREES RANKINE) TEM00510 

TEM00520 

FIVE CONSTANTS OF LIFE EQUATIOTEM00530 
TEMOOS^iO 
TEM00550 
TEM00560 
TEM00570 
TEM00S80 
TEM00590 

HEATING AND COOLING CYCLIC PLATEM00600 
STRAIN COMPONENTS FOR CURRENT TEM00610 
^ TEM00620 

PLASTIC STRAIN DUE TO THERMAL TEM00630 
MISMATCH OCCURRING DURING ONE TEM00640 
TEM00650 

TOTAL NUMBER OF TIME STEPS INTTEM00660 
THE THERMAL CYCLE TEM00670 

TEM00680 

( UP TO SOI FOR INTEGRATION OFTEM00690 
GROWTH EQUATION ) TEM00700 

TEM00710 
TEMC0720 
TEM00730 
TEM007^0 

VECTOR OF TIME POINTS INTO WHITEM00750 
THERMAL CYCLE OF BLOCK IS D1VITEM00760 
( SECONDS! IN ORDER OF INCREASTEM00770 
time, time = 0 AT THE BEGIN)^INTEM00780 
THE THERMAL CYCLE "HOT TIME" )TEM00790 

VECTOR OF "HOT TIME" TEMPERATUTEHOOSIO 
INTERFACE BETWEEN BOND AND CERTEM00820 
( DEGREES RANKINE; TEMPERATURETEM00830 
THOSE ASSOCIATED WITH TIMES INTEM00890 
* TEM00850 

TEM00860 

LAST CARD OF INPUT DECK TEM00870 

TEM00880 

TEM00890 

15 COULD BE MORE THAN ONE CAROTEM00900 
TEM009IO 
TEM00920 
TEM00930 
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APPENDIX G 


TBCLIF LISTING AND EXAMPLE PROBLEM 



SAMPLE TEST CASE OUTPUT 


TBCLIF 


EXAMPLE PROBLEM 



I 
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LIFE EQUATION COEFFICIENT 


RUSTIC STRAIN DUE TO COOLING FLUX IDELEPC) = O.OOOOE+00 

RUSTIC STRAIN DUE TO HEATING FLUX (DELERH) = O.OOOOE+00 

RUSTIC STRAIN DUE TO THERMAL MISMATCH .. I DADT ) = 0.1258E-02 
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PLASTIC STT^AIN DUE TO COOLING FLUX (OELEPC) = O.OOOOE^OO 

PUSTIC STPAIN DUE TO HEATING FLUX (DELEPH) - O.OOOOE+00 

FUSTIC STRAIN DUE TO THERMAL MISMATCH I DADT ) - 0.1367E 02 
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pu>snc M TO COOOIHO FLUX lOEOEPC, = 0.00000.00 

PUSTIC STOIK 000 TO HO.TINO POOX <OOOEPH> = 0.00000.00 

PU5TI0 STPAIN 000 TO TOOPnAL HISOATCH . . . OADT ) = O.T3700-00 


300000000000000 


-SSSSSS5SS25 

iooooooooooo 


^e^J^o^3‘l^^0^^cOC^o 


^ cj ro ^ 


266 



HUMBER OF CURREMT VALUE CYCLIC CURRENT 
TOTAL CYCLES IN OF OXIDE LAYER PLASTIC STRAIN VALUE OF 
CYCLES THIS BLOCK ( IN. ) THK/THKCRT ( IN/IN ) DAMAGE 
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The objective of this program was to establish a methodology to predict thermal barrier 
coating (TBC) life on gas turbine engine components. The approach involved expenmenta 
life measurement coupled with analytical modeling of relevant degradation modes. 
Evaluation of experimental and flight service components indicate the predominant 
failure mode to be thermomechanical spallation of the ceramic coating layer resulting 
from propagation of a dominant near interface crack. 

Examination of fractionally exposed specimens indicated that domitiant ci^ack formation 
results from progressive structural damage in the form of subcritical microcrack link- 
up. Tests conducted to isolate important life drivers have shown MCrAlY oxidation to 
significantly affect the rate of damage accumulation. Mechanical property testing has 
shown the plasma deposited ceramic to exhibit a non-linear stress-strain response, 
creep and fatigue. The fatigue based life prediction model developed accounts for the 
unusual ceramic behavior and also incorporates an experimentally determined oxide 
rate model. The model predicts the growth of this oxide scale to influence the inten- 
sity of the mechanical driving force, resulting from cyclic strains and stresses cause 
by thermally induced and externally imposed mechanical loads. 
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